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PREFACE. 
This thesis reports the successful detection , 
in absorption, of intergalactic neutral atomic hydrogen 
in the Virgo cluster of galaxies and in general intergalactic 
space . The amount detected was very small; the optical 
depth in the Virgo cluster is only ~ 10-2 while in 
general intergalactic space, the optical depth is 
Attempts to detect this hydrogen in emission were unsuccessful . 
Previous theoretical calculations of the spin 
temperature of intergalactic atomic neutral hydrogen were 
revised . This revision , under most conditions , generally 
results in a much lower value of spin temperature . The 
observations confirm that this revision was , at least , in 
the proper direction. 
Some models of the hydrogen distribution in clusters 
of galaxies and in general intergalactic space were postulated. 
It was concluded generally that the electron density is 
everywhere qUite low so that atomic hydrogen is likely to 
be the main component of intergalactic space . If this 
conclusion is valid , the smoothed out density of space 
conforms to an evolving cosmological model with a 
- 2 
deceleration parameter , q , of rJ 10 • o 
Throughout this thesis , atomic neutral hydrogen 
is abbreviated to HIo To conform to common usage , Hubble's 
constant is taken to be 75 km/sec/Mpc . For the same reason, 
the c og . s . system is used in all calculations . 
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CHAPrER ONE . INTRODUCTION 
1. 00 Introduction 
In 1933 , Shapley estimated the luminous mass-
density of the universe to be ~ 10-30 gm/cm3• He had counted 
a number of bright galaxies , assumed they each had a mass of 
109 M and averaged their total mass over the volume they 
o 
occupied assuming a Hubble constant , H, of 405 km/sec/Mpc . 
With a more modern estimate of the average galactic mass of 
1010 to 1011 M0 and using a value 
value of denSity becomes 10- 31 to 
of H of 75 km/sec/Mpc , his 
10- 30 gm/cm3• Oort (1958) , 
using an independent set of data but with essentially the same 
method has obtained a denSity of 3 x 10- 31 gm/cm3• 
Theoretically , the steady- state universe (Bondi and 
Gold , 1948) or an expanding universe with a linear red- shift-
magnitude relationship both predict average mass densities close 
to 10- 29 gm/cm3• The difficulty in reconciling the theoretical 
mass densities with the observed values has attracted a great 
deal of attention and many excellent summaries of the problem have 
appeared (Sandage , 1962 ; Minkowski , 1961 ; Ambartsumian , 1961) . 
Briefly , the observed mass densities would fit an expanding 
universe with a non- linear red- shift-magnitude relationship . 
Since the observed relationship is nearly linear , unless the 
linearity is a result of evolutionary effect , most of the matter 
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in the universe is in a non- luminous form . In the steady- state 
universe , the discrepancy between the observed and predicted 
densities is not nearly as serious since galaxies are assumed to 
condense out of a fairly dense , non- luminous medium. 
On a smaller scale , in clusters of galaxies the same 
disagreement between observed mass densities and the theoretically 
predicted densities also exists o If a cluster of galaxies is to 
be dynamically stable , its total energy must be negative . Assuming 
negative total energy for clusters and applying the Virial Theorem 
produces a mass- luminosity ratiO , MIL , for member galaxies which 
is systematically much greater than for non- cluster galaxies for 
which independent measures of MIL are available (Limber , 1961 and 
de Vaucouleurs , 1961 a) . MIL for cluster galaxies derived from 
the Virial Theorem is generally ~ 100 for the ten- odd clusters of 
galaxies , groups and associations which have been observed o 
Independent estimates of MIL for individual galaxies based on 
radio or optical rotation curves are about an order of magnitude 
smaller. However, the population of large clusters of galaxies 
tend to be predominantly elliptical and very few rotation curves 
are available for this type of galaxy . Page (1952 , 1960) has 
determined the masses of a number of double galaxies by assuming 
that these double galaxies are dynamic pairs . For elliptical 
galaxies, he has obtained values of MIL as high as 100 but the 
MIL of spiral galaxies determined by this method agree poorly 
3 
with rotationally derived values for spiral galaxies . Using 
Page's values for MIL , certain clusters of galaxies such as the 
Hercules cluster may in fact have a total energy which is negative . 
Certainly in many cases , the mass ~iscrepancy is likely to be 
smaller than originally thought - perhaps only a factor of 2 to 10 . 
Holmberg (1961 a , 1961 b) has argued that the Virgo cluster 
has a negative total energy without assuming a high valu e of MIL 
for the member galaxies . He has suggested that the red- shift 
measurements of Humason , Mayall and Sandage (1956) contain 
systematic errors which are a function of magnitude . Even if 
this were true to the extent he claims, the previous results on 
other clusters would be relatively unaffected since most clusters 
do not have as large a range of galaxy types and magnitudes as 
the Virgo cluster . 
If it is accepted that MIL for cluster and non-
cluster galaxies is about the same and that t here are no large 
systematic errors in the measured radial velocities , one of two 
conclusions may be made . Either cluster of galaxies are in fact 
dynamically unstable or there is some unaccounted for mass present 
in them whi ch makes them stable . 
Ambartsumian and others support the former view. 
According to Ambartsumian (1958) , multiple galaxies form 
associations which are everywhere in the process of disintegration. 
Small groups of galaxies characteristically show a "trapezium" 
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type of configuration. Since this type of system is unstable 
even if the total energy is negat i ve, members of the group will 
be continually ejected until a stable configuration is reached. 
The most powerful argument for the stability of 
clusters of galaxies is that , everywhere in space, clusters of 
galaxies are observed to exist . Zwicky (1957) believes that 
~ galaxies belong to clusters and that non- cluster field 
galaxies are rare . Abell (1958) has shown that clusters of 
galaxies are distributed homogeneously in space at least up to 
red- shifts of ~ 0. 2 so that the population of clusters has not 
changed appreciably in the last ,v 109 years . Limber (1961) 
has estimated that a typical galaxy in a typical cluster has a 
transit time across the cluster of ,v 109 or less years . Since 
galaxies are generally assumed to be considerably older than 
this time, the fact that c l usters are observed to exist implies 
that the total system energy is negative . 
The large scale structure of clusters of galaxies 
suggests that they are, generally, stable systems . With only a 
few exceptions, clusters of galaxies are approximately spheroidal 
in shape . Zwicky (ibid) has shown that several of the nearest 
clusters have a space distribution similar to that of an Emden 
iso-thermal gas sphere . He has also shown that the energy 
distribution in a cluster of galaxies closely apprOximates the 
Boltzmann distributiono In order to attain this equipartition 
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of energy , the cluster must have existed for many relaxation 
times ; 10 at least 10 ~ears . 
The hypothesis of negative total energy requires 
that some extra mass must exist outside the brighter galaxies in 
a cluster . The existence of 'tails ' (Zwicky , ibid ; Vorontsov-
Velyaminov , 1961) between interacting galaxies suggests that some 
portion of this mass may be in the form of luminous intergalactic 
matter . There may be, as well, large numbers of dwarf galaxies 
too faint to be easily detected . For instance , Zwicky (ibid) has 
suggested that the luminosity function of galaxies in a cluster 
increases steadily with magnitude . Oort (ibid) has calculated 
that even if dwarf galaxies existed in such large numbers , their 
contribution to the total mass of a c l uster would be negligible . 
Baum (1961a) has stated that photoelectric measures of inter-
galactic regions in two large clusters of galaxies do show some 
excess luminosity compared to surrounding non- cluster regions . 
The total luminosity is however , only of the same order of magnitude 
as that of the galaxies in the clusters so that , unless it has 
a very high MIL , it cannot supply all the missing mass . 
Zwicky (1959, 1961) has suggested that , in areas of the 
sky occupied by nearby clusters of galaxies , there is a deficiency 
of background galaxies . The Wagnitude of the absorption is 
difficult to calculate but Zwicky has estimated that in the oases 
of the Virgo , Hercules and Coma clusters , this absorption might 
, 
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be as much as ~ 0. 5 magnitudes . This value is certainly an 
upper limit . If the intergalactic absorbing material in these 
clusters is assumed to be similar in composition and size to 
interstellar dust, and if it is homogeneously distributed through 
the clusters, its total mass may be estimated to be less than 
.- 1010M0_ While this estimate is very approximate, unless the 
characteristics of intergalactic dust are very unlike that of 
interstellar dust, it is extremely unlikely that the total mass 
of the dust can significantly add to the mass of these clusterso 
Finally, the cosmological predictions of a higher 
mass density than observed in space tend to support the view 
that a great deal of the total mass of clusters of galaxies may 
be in a non- luminous form o 
Because the observed matter in the universe is 
predominantly composed of hydrogen , it is natural to assume that 
any unobserved matter would be in that form . If it were originally 
in the form of molecular hydrogen, it would be likely to remain 
so since the energy of dissociation is large . Unfortunately , 
molecular hydrogen has no known optical lines in the region of 
the spectrum visible from the earth's surface . Consequently , 
until rockets or satellite measurement s are available in the 
far ultra-violet, no estimate of the cosmic abundance of 
molecular hydrogen can be made . If the hydrogen were predominantly 
ionized, it would be difficult to detect from the earth in the 
7 
quantities likely to exist but possibly detectable by means of 
rocket or satellite x- ray measurements (Field and Henry, 1964) . 
If the hydrogen were in the atomic form originally, it will be 
shown later that it would be likely to still be in that form and 
there is then some hope of detecting the 21 em line radiation 
from it . 
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1. 1 Mechanism of Emission and Absorption Due to HI 
The 21 cm spectral line of neutral atomic hydrogen 
is due to a forbidden transition between two hyperfine levels 
in the ground state. The upper hyperfine level is a triplet , 
the lower a singlet and the spontaneous transition probability 
has been given by Wild (1952); 
= 
- 1 
sec 
Because the lifetime of the occited state is so long 
and because the energy is so low, the mechanisms which determine 
the upper level population are not, in general , the same as for 
lines in the optical spectrum. In particular collisions are 
important and in our galaxy are dominant compared to radiation. 
The natural line width is extremely small (5 x 10- 16 c/s) and in 
all conditions of astronomical interest, the line profile is 
determined by Doppler motions of the atoms . 
The detailed processes of 21 em emission and 
absorption have been given by Wild (ibid). Briefly , any column 
through a medium containing HI may be oharacterized by a 21 cm 
optical depth, -rev) , where; 
"'" NH 
T Jc(v)OV = 2. 60 x 10-
15 
o 
NH is the total number 
s 
of atoms/cm2 seen at the end of the 
column and T 
s 
" . OK is the excitation or "spin temperature ~n 0 
T is a convenient method for expressing the ratio of excited to 
s 
unexcited atoms . Though T is not necessarily equivalent to the s 
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kinetic temperature, it is defined by applying Boltzmann's law 
to the medi~ even though thermodynamic equilibrium may not 
exist; 
n
1 
and nO are the relative numbers of excited and 
unexcited atoms/cm3; g1 and go are the relative numbers of 
possible excited and unexcited levels and Vo is the transition 
frequency of 1420. 406 mc/s . 
Since g1/g0 = 
T = 
s 
3 and h Vo /k = 
0. 0681 
In (a.n.o '\ 
n o ) 
o 0. 0681 K; 
Theoretically , if the processes of excitation and 
de-excitation operating on the atoms are known, it is possi ble to 
evaluate noln1 and hence determine Ts . In the galaxy , the 
excitation mechanisms are predominantly coll isional and T s 
approaches the kinetic temperature (Ewen and Purcell , 1951 ; 
Wouthuysen, 1952) . For intergalactic HI ' the densities are low 
and the problem is more complex (Field , 1959 a) . 
1. 11 The Relationship Between Optical Depth and Brightness Temperature 
The 21 em brightness temperature, Tb ( v) , of an 
isolated cloud of HI which has a homogeneous spin temperature , Ts ' 
and which is larger than the antenna beam is given by; 
•••• (1 . 2) 
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If there is a background continuum radio source , 
also larger than the antenna beam and which has a uniform 
brightness temperature , TB, near 21 cm , the present of HI will 
modify its spectrum. The difference in brightness temperature 
in the line compared to the brightness temperature at a nearby 
frequency,~Tb( V)' may be shown to be; 
The cloud will appear in emission or absorption 
depending on whether Ts is greater than or less than TB• In 
the singular case where Ts = TB, the cloud will be unobservable . 
Equation (1 . 2) and (1 . 3) need to be modified if 
T
B
, Ts or the HI cloud dimensions vary over the antenna beam. 
For the purposes of illustration, the simplest experiments for 
detecting intergalactic HI may be described in terms of these 
equations on the assumption that the HI is distributed 
homogeneously throughout the universe so that Ts and the cloud 
size are uniform over the antenna beam. 
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1. 2 Intergalactic HI in Emission. 
In the absence of resolved discrete radio sources , 
the background sky brightness at 21 cm is small . If it can be 
assumed to be much less than T , equation (1 . 3) reduces to (1 . 2) 
s 
and the excess brightness temperature due to intergalactic HI is; 
becomes ; 
= 
For a small "'C (-Y) and using equation (1 . 1) , this 
= 2. 6 x 10-
15 N (v) H 
If the intergalactic HI participated in the general 
apparent expansion of the univers e, its expected spectrum would 
be similar to Figure 1. 1. 
Near the galactic rest frequency , V O' the exact 
shape of the spectrum will depend on the velocity dispersion 
in the local medium. The emission spectrum to the low- frequency 
side of Vo will be flat is space is Euclidean and if the radial 
velocity- distance relationship is linear so that Tb(V) will 
be independent of frequency. Since the distance to any cubic 
centimeter of HI is related to its frequency by Hubble's 
constant , H, the density of intergalactic HI ' ~ atoms/cm3, 
can be shown to be ; 
2. 60 x 10- 15 •••• (1 . 4a) = 
which reduces to ; 
= 
- 7 5. 9 x 10 • H • Tb 
Nhere H is in km/seo/Mpc . 
Figure 102 - the expected spectrum of a distant radio source 
showing absorption by general intergalactic HI e 
~o is the frequency of the 21 cm line in the local 
standard of rest ; ~ is the red- shifted frequency 
c 
at the distance of the radio sourceo 
Figure 1 . 1 - the expected spectrum of the background sky showing 
ehlission by general intergalactic HI o V is the 
o 
frequency of the 21 em line in the local standard 
of resto 
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1. 3 Intergalactic HI in Absorption 
If TB ) Ts ' as in the foreground of an intense 
radio source , the intergalactic HI will be seen in absorption. 
Since most sources of practical interest subtend a solid angle 
much smaller than the antenna beam, equation (1 . 3) may not be 
used directly. However, if the antenna temperature , T (v ), of 
a 
the source is much larger than T , an absorption temperature 
s 
~ T (v ) may be defined similarly to equation (1 . 3) ; a 
~ T (v ) 
a = 
(_},( --r(v )) 
- T J/j 1 - e 
a 
Again, if 'L (v ) is << 1, this reduces to ; 
6. T (v ) 
a 
T Cv) 
a 
- 15 
= - 2. 60 x 10 
As in the emission case , "C(V) is independent of 
frequency and the expected form of the spectrum of a radio 
source showing absorption by intergalactic ~ is shown in 
Figure 1. 2. 
Vo is again the galactic rest frequency of HI and 
~ is the red- shifted frequency of the HI at the distance of 
the radio source . 
The distance to any cubic centimeter of HI in the 
column is again related to its observed frequency and analagous 
to equation (1 . 4b) , over the frequency range from Po to ~ ; 
~ 
T 
s 
- 7 b.. Ta 
= 5. 9 x 10 • H . T •••• (1 . 5) 
a 
13 
In principle, for small't (v ) , it is POssible to 
combine emission and absorption measurements to determine ~ 
and Ts separately on the assumption that the HI is homogeneous 
and uniformly di stributed over the region Occupied by the source 
and the region where emission was seen. 
If T varies along the line of sight however , the s 
segments with a low value of T will tend to dOminate the 
s 
aver age ~ and the average value of T deduced from the combined 
s 
measurements will be under- estimated . 
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1. 4 Previous Attempts to Detect Intergalactic H! 
A number of previous searches have been made both 
for intergalactic HI in emission and absorption without 
positive results . 
1. 41 Emission Experiments . 
Heeschen (1956) reported the detection of HI in 
the Coma cluster of galaxies and later (Heeschen , 1957) in the 
Hercules and Corona Borealis clusters in quantities which 
significantly added to the total optically determined mass of 
the clusters . These observations were not supported by 
subsequent investigations . For instance , Muller (1959) showed 
that, in the Coma cluster, the total mass of HI was not greater 
than 3 x 1012 M0 which represents only about 1% of the total 
cluster mass given by the Virial Theorem. For the Pegasus I 
cluster of galaxies Penzias (1961) reported the detection of 
HI with a total mass of about 2% of the optical cluster mass . 
This result has since been questioned by Mathewson and Rome (1963) 
on the grounds that most of the detected 21 em signal was 
likely to have been continuum radiation from two weak sources 
in the cluster . 
Goldstein (1963) at t empted to detect general 
non- cluster intergalactic HI in emission by determining the 
spectrum of the background sky in the vicinity of the galactic 
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rest frequency. Although he did not succeed in detecting 
intergalactic HI ' he was able to put an upper limit on the 
emission temperature ( Tb in 9 1. 2) of 0035 oK. This 
corresponds to a density of HI atoms of 1. 5 x 10- 3 atoms/em3 
for a Hubble constant of 75 km/sec/Mpc . Goldstein has 
subsequently (private communication) been able to lower this 
upper limit by a factor of 2. Davies and Jennison (1964) , in 
a similar experiment, similarly failed to detect intergalactic 
HI; their upper limit on Tb was larger than that of 
Goldstein (1963) . 
1.42 Absorption Experiments . 
Field (1959 b) attempted to detect absorption 
by intergalactic HI in the spectrum of the radi o source 
Cygnus A. To reduce the effect of uncertainties in the absolute 
gain of his receiver, he compared the intensity of Cygnus A to 
that of the galactic source , Cassiopeia A over a range of 
frequencies . He was able to place an upper limit on '"'C (11) 
of 0.0075 . In a subsequent experiment using the same technique 
(Field, 1962), he again failed to detect absorption but was able 
to reduce his upper limit on1:(v ) to 0. 0025 . Using his 
theoretically derived value of T (Field , 1959 a) of ~ 32 OK 
s 
and with a Hubble constant of 
upper limit to the H density 
I 
75 km/sec/Mpc , the corresponding 
-6 3 
was 3. 5 x 10 atoms/em . 
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Davies and Jennison (ibid), again using th4 Cygnus A source 
set an upper limit to~(V) of 0.0009 and a corresponding upper 
limit to the HI density, based on similar assumptions regarding 
T as used by Field, of 1.2 x 10-6 atoms/cm3• s 
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1. 5 This Study 
With the use of the CSIRO 210- foot radio 
telescope at Parkes , N. S. W. and the 21 cm tunable , frequency-
switched receiver designed and built by B. J . Robinson and 
K.J . van Damme, it appeared that Field ' s (1962) upper limit 
to the opacity of intergalactic HI could be relatively easily 
lowered . Because of the high gain of the antenna, several 
extra- galactic radio souroes in the southern hemisphere have 
antenna temperatures comparable to that available to Field 
on Cygnus A with an 85- foot telescopeo From preliminary 
estimates of receiver performance , it appeared that Field ' s 
limit could be attained for some ten radio sources . Since 
some of these sources were known to be in clusters of galaxies 
where the density of intergalactic HI might be higher than in 
non- cluster space , it was decided to observe sources primarily 
in or behind clusters . Absorption was in fact detected in the 
spectrum of Virgo A and 3C273 which can be attributed to HI in 
the Virgo cluster_ The spectrum of Fornax A did not show any 
feature attributable to cluster H but did show a feature which I 
might be considered due to general inter~alactic HI -
Several attempts were made to detect emission due to 
H in these clusters of galaxies , but these were not successful . 
I 
Because the antenna beam of the 210- foot antenna is 
smaller than the moon , it was possible to measure absolutely the 
18 
background emission due to intergalactic HI without the 
difficulties involved with absolute calibrations . General 
intergalactic emission was not detected in this experiment 
with an upper limit half as small as Goldstein's (1963) 
upper limit and comparable to Goldstein's later result . 
To interpret the absorption features found in terms 
of HI density, Field's (1959a) theoretical evaluation of 
T was re- examined. The use of recent observational data 
s 
resulted in a theoretical value of T considerably smaller 
s 
than that obtained by Field. 
: 
. 
I 
, 
2. 00 
2. 01 
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CHAPTER TWO . TECHNIQUE 
General Principles of Observation 
The Absorption Experiment for Radio Sources in or 
Behind a Cluster of Galaxies . 
The expected spectrum of a radio source showing 
absorption due to HI in a cluster of galaxies at a frequency ,z{, 
corresponding to the red- shift of the cluster is shown in 
Figure 2. 1. In pr inciple, the absorption could be detected by 
extremely accurate measurements of the antenna temperature of 
the source over the range ~ to ~. Such a measurement , if 
the absorption were as small as previous experiments have 
suggested, present extreme calibration difficulties . The more 
sensitive experiment used in this study was to detect , with a 
frequency- switched receiver , the changes of spectral slope over 
the frequency interval with respect to another "comparison" 
radio source which would not be expected to show such changes . 
Such a comparison source might be the moon, a galactic source 
or an extra- galactic source with a red- shifted HI frequency 
outside the range of t/
a 
to t/bo 
With a frequency- switched receiver , when the 
antenna is pointed at the "cold" sky (that is , no strong radio 
sources in the beam) , the receiver output voltage , eo, is ; 
Figure 2.1 - the expected spectrum of a radio source showing 
absorption due to HI in a cluster of galaxies in 
the foreground . V is the red-shifted 21 cm line 
c 
at the distance of the cluster. v is the local 
o 
standard of rest frequency of HI; 1420. 406 Mc/sec. 
Figure 2. 2 - the expected spectrum of the background sky in the 
direction of a cluster of galaxies .~ Te is the emission 
temperature of the cluster; '" c and J/
o 
are as in 
Figure 2.1 above . 
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= 
where g is the gain of the system in volts/ OK antenna 
temperature 
Tb is the antenna temperature of the background sky 
and T is the receiver noise temperature . 
n 
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The subscripts refer to the frequencies of the two receiver 
channels . 
With the antenna pointed at a radio source which is 
much smaller than the beam and whose antenna temperature is T , 
a 
, 
the receiver output voltage, eo , is given by ; 
eo' = g1(T +T + Tb ) - g (T + T + T ) 
a1 n1 1 2 a2 n2 b2 
Subtracting (2 . 1) from (2 . 2) gives the difference 
in receiver output voltage , a , produced by alternately pOinting 
the antenna at the source and at the adjacent sky; 
= 
(The assumption is made that the background sky temperatures 
do not change between the on- source and off- source positions 
of the antenna beam. ) 
Similarly , for a comparison source of antenna 
temperature , T , the analagous on- source to off- source receiver 
c 
21 
output deflection voltage , ~ , is ; * 
= ••.• (2 . 4) 
From (2 . 3) and (2 . 4) , ~T, the differential 
temperature indicative of the spectral slope of the source 
between the relevent frequencies is; 
It can be seen from equation (2 . 5) that the measurement of 
a comparison source eliminates the need of a precise knowledge 
of the relative gains of the two receiver channels . 
* In the case where the Moon is used as a comparison source , 
since it is optically thick , equation (2 . 4) becomes; 
= g1(T - Tb ) - g2(T - Tb ) 
°1 1 c2 2 
In the frequency range , V to Vb ' (Tb - Tb ) would be expected a 2 1 
to be constant and small and since g1 ~ g2 to a good approximation; 
~ = g T - g T + constant 1 c 2 c 1 2 
Similarly, equation (2 . 5) and (2 . 6) have an additional term which 
changes very slowly with frequency and in practice , is 
negligibly small. 
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The frequency interval from V to ~ is small so 
a b 
that anywhere in that interval, to a first approximation, 
T IT ~ T IT and in practice, the gains of the two channels 
a 1 c 1 a c 
are nearly equal so that g1 "'" g2 '" g. 
constant over the frequency interval 
The term (T - T ) is 
c 2 c 1 
by definition so that 
equation (2.5) becomes; 
.6.T~ ~ R { Ta 
g T 
c 
- ~} + constant •••• (2.6a) 
In the case where the moon is used as the comparison 
source, as it is larger than the antenna beam and is a 
blaok-body, and equation (2 . 6a) becomes; 
i {Ta _ £.} 
g To ~ •••• (2 . 6b) 
Since it is only desired to detect a change of 6 T 
with frequency, it is clear that a precise value of T IT is 
a c 
not really necessary although it can be easily determined. 
Moreover, the significant quantity which changes with frequency , 
a/~, is only a ratio of out put deflections so that no precise 
knowledge of t he absolute gain of either receiver channel is 
necessary. 
A value of the receiver gain, g, can in principle be 
obtained either from a measurement of T with respect to 
c 
receiver noise or from an injected noise calibration signal . 
In these eXJeriments , the noise calibration signal was used 
but was itself determined with respect to the antenna temperature 
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of the moon. 
2. 02 Experiment to Detect HI Emission from Clusters of Galaxies. 
The spectrum of the background sky near the 
centre of a cluster of galaxies might show emission from cluster 
HI as in Figure 2. 2. 
The emission temperature ,~T , may be detected by 
e 
alternately pointing the antenna at the cluster of galaxies and 
at the adjacent sky when one channel is tuned to the c lust er 
frequency, v , and the other channel is tuned to some other 
c 
frequency outside the emission profile . 
If channel 1 is tuned to v , when the antenna is 
c 
pointed at the cluster of galaxies, the receiver output 
volta8e i s; 
= T ) - g2 (Tb + T ) e 2 n2 
It is assumed that the cluster ~ 
-~ 
Tb e 
is optically thin so that 
1 
When the antenna is pOinted at the adjacent sky , 
the oorresponding receiver output voltage is; 
Subtracting (2 . 8) from (2 . 7) gives the difference in 
receiver output voltage deflection, Y, due to the cluster HI ; 
y 
= g .6T e 
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The assumption is again made that the background sky is uniform 
over the region of the sky occupied by the cluster and the 
adjacent region. 
In principle , this experiment is extremely accurate 
and simple since apart from determining the gain, g , as in t he 
previous sect i on, precise values of the relative receiver gains 
and noise temperatures in the two channels are unnecessary . 
However, because of the large angular extent of nearby clusters 
of galaxies , the large angular separation between the on- cluster 
and off- cluster positions probably invalidates the assumption of 
background temperature uniformity used to derive equation (2 . 9) 0 
Moreover, the long intervals between observations due to 
telescope driving time introduces additional uncertainties 
because of long- term receiver instabilities . Consequently, 
in practice , it is difficult to measure ~ T f or nearby clusters 
e 
to accuracies greater than a few hundredths of a degree. 
2. 03 General Intergalactic HI Emission Experiment . 
The anticipated spect rum of the general background 
sky as shown in Figure 2. 3 contains a step in the vicinity of the 
galactic rest frequency , 1/0 ' due to intergalactic HI emission. 
) 
Figure 2. 3 - the expected spectrum of the background sky in the 
vicinity of V, the frequency corresponding to the 
o 
local standard of rest o 
,,~~ QNnO~D~,)~9 
'3H.L .:10 ~n~.L '):left 
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In principle, this step may be detected by absolute temperature 
measurements of the background sky over a range of frequencies 
around v. This is essentially Goldstein's experiment in which 
o 
the accuracy depends largely on absolute clibrations over the 
frequency range . This major difficulty can be avoided by using 
the moon as a calibration source provided the antenna beam is 
smaller than the moon's disko 
When the antenna is pOinted at the "COld" sky 
adjacent to the moon, the receiver output voltage is; 
e 2 == g1 (Tb + T ) - g (Tb + T ) 1 n1 2 2 n 2 
•••• (2 . 10) 
When the antenna is pointed at the moon, the receiver 
output voltage is; 
•••• (2.11) e
2
/ == g (T + T ) - g2 (T + T ) 1 m1 n1 m2 n2 
where T is the antenna temperature of the moon. In both these 
m 
equations, contributions to the output due to the antenna 
response pattern outside the main beam are assumed equal and 
omittedo 
Subtracting (2 . 10) from (2 . 11) gives the difference 
of the receiver output, ~ , when the antenna is alternately 
pointed at the moon and at the adjacent sky; 
I 
f3 == e 2 - e2 
== 
g (T - Tb ) - g2 (T - Tb ) 
1 m1 1 m2 2 
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If a similar measurement is made on a galactic 
source which is small compared to the antenna beam, the 
corresponding deflection due to this source , ~ , 
= 
Since the moon is a black- body larger than the beam, 
T = T = T and the differential temperature indicative of 
m, m2 m 
the spectral slope of the background sky ,LJTb, is given from 
equations (2." 2) and (2 . 13) ; 
= T - T 
b2 b, 
T - T ~ [ T m b1 ~. ~ 
T g2 T - Tb am, 
= 
As Tb « T , and over the narrow 
1 m, 
frequency interval of observations , T --.JT , equation (2014) 
a, a 
reduces to; 
• • •• (2 . 15) 
Since it is only desired to detect a change of 6 Tb 
with frequency and provided the selected comparison source has 
no sharp spectral discontinuities, (T - T ) will not change with 
a 2 a, 
~requency , and no precise knowledge of T IT or (T - T ) are 
a; m a 2 a, 
real ly necessary . (( T - T ) will of eourse change near v 
a2 a, 0 
due to galactic HI; in the actual experiment , the receiver 
frequencies were chosen to avoid f r' quencies near v .) 
o 
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The same considerations for determining g , apply 
here as for the absorption experiment outlined in 9 2. 01 . 
The great advantage of this experiment as compared 
to that of Goldstein is that , as in the absorption experiment, 
no precise absomute calibrations are necessaryo The change \nth 
frequency in ~Tb is given by a change with frequency in the 
ratio of receiver output deflections due to the moon and to 
the comparison source. 
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2. 1 The Antenna and Receiver 
The antenna used was the 210-foot paraboloid 
operated by the C. S. I .R. O. at the Australian National Radio 
Astronomy Observatory near Parkes , N. S. W. At 21 cm, with the 
particular feed used , the measured beam width was 13 . 8 ' and 
to a good approximation over the central 25' , the beam shape 
was Gaussian . 
The receiver was developed and constructed by 
B. J . Robinson and K. J . van Damme . A full description of the 
receiver will be given by Robinson (in preparation) . A 
block diagram of the receiver shovdng the major components 
and operating frequencies is shown in Figure 2. 4. The total 
system noise referred to the receiver input is about 190 oK . 
The parametriC up- converter has a band width in 
excess of 200 Mc/sec , a noise temperature of ~ 70 oK and a 
gain of nearly unity. The pump frequency of the up- converter 
is switched at 400 c/sec to provide input frequency switching ; 
the stages following the up- converter are at constant frequency . 
The second stage is a degenerate parametric amplifier with a band 
width of ..., 6 Mc/sec , a noise temperature of ....... 45 oK and a gain 
of 20 db . The degenerate amplifier is followed by a conventional 
crystal mixer , a pre- amplifier , an attenuator and an IF 
amplifier. Several IF amplifiers with different band- widths 
were available but only two of these were used in these 
'-
~ I 
Figure 2. 4 - block diagram of the two channel parametric 
21 cm tunable receiver of the C. S. I . R. O. at 
Parkes , N. S. W. 
142.0 
""c. /~ 
UP 
CONVERT. 
l400 
-~/s 
'tao Me/s 
MULT 
SWITCH ~ 
1 
DE.G E. N . Z400 
AMP. 
""'- /l 
+800 "c./~ 
MULT 
10 ·'5 "'c. / s 
XTAL 
OSC. 
4-00 
MIX.ER 30 
rk..ls 
2.J10 ~II 
MUL T. 
I 
,----------------.,-
400 "V 
"8 r--1 J .. ·B ~c: /s c.( s OSC. 
O'5C . osc. 
FIGUR[ 2.4-
I.F. 
400 
C. / S 
PHASE. 
D.c. . 
S£NS. 
OET 
PARAME.TRIC 
H - LINE. 
RE.CEIVE.R 
D.c. . D. C. 
AMP. 
INTEGRATE 
CHART 
RECORDER 
29 
experiments 0 The band passes of t hese two IF amplifiers 
nominally 1. 5 Mc/sec and 500 kc/sec , are shown in Figures 2. 5 
and 2. 6. The radio frequency detector is followed by a phase-
sensitive detector and a DC amplifier. The output is fed to 
a chart recorder through a linear integrator. 
The two switched frequencies for the up- converter 
pump amplifier are generated by two highly stable Clapp 
oscillators at 6. 8 Mc/sec . The practical limit to the frequency 
separation is determined partly by the band width of the pump 
amplifier/multiPlier and partly by the size of switching 
transients . For frequency separations less than 1 Mc/sec, 
the switching transients are small and the relative gain 
stability of the two channels of the receiver is good . As the 
frequency separation is increased , the switching transients 
become larger and the relative gain stability becomes poorer. 
At the largest frequency separation used in practise , 5. 5 Mc/sec , 
the statistical errors of the output were about twice as large 
as those for frequency separations less than 1 Mc/sec . 
The gain of the degenerate amplifier is stabilized 
by a servo- system which has been described by Robinson , Seeger , 
van Damme and de Jager (1960) . The degenerate amplifier is 
thermally insulated and the extreme variations of temperature 
from day to night were measured to be less than a few degrees C. 
Typically , over a period of observat i on, the average receiver 
/ 
Figure 2. 6 _ band- pass of the 500 ke/sec (nominal) band- width IF 
amplifier used in these experiments . 
Figure 2. 5 _ band- pass of the 1. 5 Me/sec (nominal) band- width IF 
amplifier 1lsed in these experiments . 
0 
..D 
a 
z 
-
.( 
C) - 5 
uJ 
> 
.... 
t! 
..J 
W - \0 
« 
..D 0 
o 
z 
-4 
C) 
- 5 
W 
> 
-~ 
..J 
W - 10 
~ 
NARROW I. F. BANDPASS 
.'"\ / . 
• \ I 
• \ / 
• \ I 
• • 3 db. Bp..NDWIOTH = '))0 k, / !o 
I 
\ 
• \ 
• \ / . 
/ • \ 
• 
l.S.O z.~ . O 30·0 }I .O 
FR£QUE,NCY M~/a 
F\GURE. 2.b 
WlOE. lor. 6ANOPASS 
3 db. B,.,NDWIOTH • I.'" Mc /~ 
z.~ 0 }OO }I O 
FR£QU(.NC'f Me l . 
FIGURE. 2·5 
30 
gain varied by less than a few per cento 
The DC output stability depends on the total 
stability of the phase- sensitive detector , DC amplifier and 
integrator. For a constant input , the phase- sensitive detector 
output varied by an amount corresponding to a few hundredths 
of a degree K per day . The integrator output was accurate to an 
amount corresponding to an antenna temperature of 0. 01 oK 
per integration. Over a typical period of observation of six 
to ten hours , the combined errors of all these units was always 
much less than the statistical error of the noise output . 
In all measurements , the detector output was 
maintained at a constant level by inserting attenuation in the 
IF chain . Thus the values of antenna temperature due to the 
various sources were related to each other through the 
attenuations . This procedure eliminated effects of receiver 
non- linearities and other factors considered later . The 
attenuator consisted of a series of switched ~ sections and 
the particular values of attenuation used for each source were 
measured by comparison with a precisi on attenuator . It is 
estimated that the values of attenuation obtained in this way 
were accurate to better than 0. 02 db. or 0. 5%. 
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2 . 2 Sources of Error 
2. 21 Errors Due to the Antennao 
Two possible sources of error arise from the 
antenna; one due to pointing errors which might cause apparent 
variations in source antenna temperature and the other due to 
spillover and other zenith angle dependent effects. 
The absolute pointing accuracy of the 210-foot 
radio telescope is better than one minute of arc . At the 
beginning of the observing periods, the apparent positions of 
the relevant sources were checked and corrected for absolute 
pointing errors . For those observations using the moon , the 
moon's position was calculated in advance and these positions 
were used . As the moon is considerably larger t han the beam, 
absolute pointing errors cause negligible variations in antenna 
temperature . The relative resetability of t he antenna duri ng 
any set of observations was probably better than 0. 2'. As this 
is a very small fraction of the 13.8' beam-wi dth, errors due 
to pointing may be disregarded. 
The effects of spillover were estimated to be smallo 
Errors due to this cause and to receiver variations arising from 
flexure of the feed package should be dependent on zenith angle . 
A search for such zenith angle effects was made in the data but 
they were not detected. 
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2. 22 J~itations Caused by the Recei ver. 
The most fundamental limitation t o t he accuracy 
of any measurement is caused by the random nature of the input 
noi s e signal and by the presence of receiver nois e. In our 
case , the total integration time was always sufficiently large 
to make this limitation one of negligible importance. 
The principle sources of error may be divided into 
two broad categories which, for the receiver used here at least, 
may be considered separately , The first category contains all 
effects which depend on the relative gains and noise temperatures 
of the two channels and which may therefore be considered to 
occur in the first frequency- switching sta8e of the receiver o 
In practise , errors in this first category were dominant. 
In the second category are all other sources of 
error cau sed by inaccuracies in the measurement of receiver 
parameters in later stages of the receiver . Errors in this 
category were generally of minor importance because of the 
observing technique used . 
a) First Category Errors . 
Inequalities of the gain and noise temperature between 
the two channels in the receiver produce an output even if the 
antenna temperature at the two frequencies is equal . If the 
gain and noise temperature inequalities were stable with time, 
use of a comparison source as outlined previously would eliminate 
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their effect . Because these inequalities are not in general 
stable , they produce errors . 
If the time- varying changes in relative gain and 
noise temperature are random and have periods shorter than the 
integration times , their effect is indistinguishable from noise 
and the receiver may be considered as having an effective noise 
temperature somewhat greater than the measured true input noise 
temperature . For the receiver used here , these short- term 
variations caused the effective receiver noise temperature to 
be only slightly greater than the true noise temperature. 
Because of the long total integration times used, this larger 
contribution to the errors was usually negligible; typically, 
it contributed "" O. 02 OK to the errors of a complete set of 
observations . 
Much more important were the errors caused by 
long-term variations in the relative gains and noise temperatures 
with periods longer than the individual integration periods. 
Long term changes of the relative noise temperature have little 
effect o Long- term relative gain changes however produce values 
of the on- source to off- source deflection which vary 
systematically with time. To some eitent , it was possible to 
compensate for these long term changes since a relative gain 
change produces , in general, a change in the off- source receiver 
output level . For every set of observations , a linear empirical 
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relation was determined between the size of the deflections 
and the off- source levels . This relations was then used to 
reduce all deflections to a common off- source level. However 
such a procedure can only reduce and not completely~iminate 
this type of error. As the long- term relative gain stability 
decreased as the frequency separation increased, the magnitude 
of these errors was a function of the frequency separation. 
Typically, with a 3 Mc/sec frequency separation the errors 
caused by long- term relative gain changes for a complete set 
of observations were ,.., 0 . 05 oK. 
b) Second Category Errors . 
Gain modulation of the receiver at the switching 
frequency produces a receiver output which varies with the 
input signal strength. For the receiver used here , gain 
modulation produced a spurious output whi ch was comparable to 
the differential temperatures of the s ources used . 
The gain modulation occurred wholly in the IF 
amplifier due to assymetries in the waveform used to gate 
switching transients o Because the attenuator preceeded the 
IF amplifier , adding attenuation during the on- source measurement 
to keep the detector current level the same as for the off-source 
measurement ensured that any output caused by gain modulation 
would remain constant during both the on- source and off- source 
measurements . While this process eliminated errors due to gain 
'I 
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modulation and , as mentioned before, due to detector power 
law non- linearities , it produces errors because of uncertainties 
in the values of attenuations used . With an estimated accuracy 
of less than 0. 02 db in the attenuations , the resulting errors 
were typically - 0.01 oK or less and hence negligible . 
However , use of this method intriduced an additional 
error. Since attenuation was added when the antenna was 
pointed at a radio source, both the deflection due to the 
source and the receiver output base level due to noise 
temperature and gain inequalities were attenuated . In order 
to later reconstruct the on- source to off- source deflection, 
it was necessary to determine the receiver output level when 
the input to both receiver channels was known to be equal . 
This basic "zero- level" output was obtained when the input 
signal to the IF amplifier was generated by pre- amplifier 
noise alone . For any set of observations, the zero level was 
o known to ~0 . 02 K. Errors due to uncertainty in this level 
were only of second- order importance except in the cases where 
the source and the comparison sources did not have comparable 
antenna temperatures . In these latter cases , with the wide-
band IF amplifier , the uncertainty in zero level typical~ 
contributed less than ~ 0 0 01 OK to the final errors and hence 
was negligible. The gain of the narrow- band IF amplifier 
however was so low that it was not possible to obtain sufficient 
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detector current from pre- amplifier noise to accurately 
determine the zero-level. For the narrow-band observations , 
uncertainty in the zero level was estimated to contribute an 
error of as much as ~ O . 05 OK which would appear systematically 
in all the observations . 
2023 Summary of Limitations . 
For typical wide- band observations , the total 
probable error of a measured differential temperature was - O. OS OK. 
For the narrow band observations , the typical probable errors 
were approximately the same since the increased errors caused 
by the use of the narrower bandwidth was offset by the improved 
gain stability due to the smaller frequency separations used. 
Comparison between wide and narrow band observations 
indicated that systematic errors were present in the data due , 
almost surely, to zero level uncertainties . It will be shown 
later that , as would be expected , the systematic errors in the 
wide band data were negligibly small compared to those in the 
narrow band datao 
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2. 3 Method of Observations . 
Observations were made only at night to eliminate 
possible errors caused by the sun moving through the side- lobes 
of the antenna pattern. 
The basic observations consisted of recording the 
receiver output while alternately pointing the antenna at 
the source and at the adjacent off- source reference position. 
These measurements were then repeated for the comparison source . 
In order to reduce the effects of short- term variations in 
receiver noise, the on- source and off- source outputs were 
integrated for 100 seconds and recorded . In order t o reduce 
the effects of long- term variations , such a sequence of observations 
was made for only about an hour alternately with a similar 
sequence for the comparison source . This period was a compromise 
between a shorter period which would entail a greater loss of 
observing time driving the telescope between the two sources 
and a longer time which would resul t in poorer compensation 
for changes in receiver parameters . 
All observations of sources for which the moon was 
used as the comparison source were conducted on the few nights 
each month that the moon and the source were within the 
telescope sky coverage at the same timeo Particularly for 
Virgo A, which is near the northern limit of the telescope 
coverage , observations were restricted to a few hours per night 
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and measurements were only made on one frequency pair per nighto 
Before observations began, the receiver was carefully 
tuned to minimize the gain inequality between the two channelso 
The noise lamp calibration signal was measured before and after 
the observations. The basic receiver zero level for the night 
was measured before and after the observations as well as 
during the periods that the telescope was being driven between 
the source and the comparison source . The attenuations used 
during the night were recorded and later measured by comparison 
with a precision attenuator. 
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2. 4 Calibration 
The primary calibration used in these experiments 
was supplied by a switched noise lamp. Prior to November , 1963 , 
the ratio of the noise lamp temperatures to the antenna 
temperature of 3C353 was measured to be 0. 420 . In the course 
of absorption observations of 3C353, the ratio of the antenna 
temperature of 3C353 to that of the moon was determined to be 
+ 0. 2355 - 0. 0014 . If the antenna efficiency were 1. 0, the antenna 
temperature of the moon would be identical to the brightness 
temperature of the moon , 230 oK , and the noise lamp temperature 
would be 22 . 7 oK. 
The effective temperature of the noise lamp was 
defined to be this value . The effective antenna temperature 
of any radio source derived by using this value is then the 
true antenna temperature divided by the true antenna efficiency . 
In t his way , no implicit assumptions were made of the absolute 
antenna efficiency and for sources uniform over the antenna 
beam, the effective antenna temperature is equivalent to the 
brightness temperature of the source . 
In November 1963 , the reflector plate behind the 
dipole at the feed package was modified resulting in a slightly 
higher antenna efficiency than earlier . The new ratiO of the 
noise lamp temperature to the antenna temperature of 3C353 was 
0 . 395 so that , after November 1963 , the effective noise lamp 
o temperature was taken to be 21 . 4 K. 
40 
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OHAPrER THREEo T$ OBSERVATIONS. 
3. 00 General 
3.01 Antenna Temperatures and Spectral Slopes of Radio Sources 
In the absence of absorption, the differential 
temperatures determined for any radio source can be used to 
determine the slope of the source's antenna temperature spectrum. 
This slope is not necessarily equivalent to the standard flux 
spectral index , except for those sources with dimensions much 
smaller than the antenna beam. For a uniform source, much 
larger than the beam, the antenna temperature spectral slope is 
equivalent to the brightness temperature spectral slope and for 
partially resolved sources, the antenna temperature spectral 
slope is intermediate between the flux and brightness temperature 
spectral slope. 
For the seven sources used in the course of these 
experiments, 30273 and 30353 are essentially unresolved at 21 cm , 
the moon is uniform over the antenna beam and Virgo A, M 17 , 
Pic tor A and Fornax A are partially resolved . The expected 
antenna temperature spectral slopes, in the absence of 
absorption, for the four latter sources were calculated by 
computer from published brightness distributions of the sources . 
It was assumed that the antenna beamwidth at 21 cm was precisely 
• 
TABLE 3.1 - calculated antenna temperature spectral 
slopes f or the r adio sources used in 
this study. 
SOURCE 
Moon 
Virgo A Core 
Virgo A Halo 
3C273 
3C353 
Fornax A 
Pictor A 
11117 
Ili 17 
M17 
FLUX SPECTRAL 
INDEX 
+2 .0 
-0. 44 1 
-1.02 1 
-0.23 3 
-0. 64 4 
- 0. 7 1 
-0.7 1 
05 
05 
05 
r otes t o TABLE 3.1 
ASSUMED 
MODEL 
Uniform over beam 
2 Point source 
Gaussian 6.5 ' dia2 
Point source 
Point source 
Price6profile 
Broten7profile 
LittleSprofile 
Labrum et al9prOfile 
Labrum without east-
ern Extension 
1. Kellerman, K. I ., Ap .J., 140, 969, 1964 . 
CALCULATED 
ANT . TEIJiP . 
SWPE 
0 .0 
-0044 } 10 
-1.52 -0.92 
-0. 23 
-0 0 64 
_2.00 11 
_0.S3 11 
-0. 56 
-0. 40 
-0. 30 
2. .1altby , P. and r1offet, A. T., Obs.Cal-Tech. , .1, 1964. 
3. Yellerman, K. I ., private communi cation. 
4. Conway , R. G., Kellerm::n , 1': . 1. and Long , R. J ., LoN .R. A. S. , 125, 
26 1, 10 63 . 
5. If optically thin - see Aopendix B. 
6. Price , ! ., private communi cat i on, about 10' in diameter . 
7 . Broten, N., private communication. 
S. Little , A., Ap . J ., 121, 164, 1963 . 
9 . Labrum, I-T . R., Krishnan , J ., Pay ten, ','I . J ., and Harting, E., 
Aust.J.Phys., 11, 323 , 1964. 
10. At 21 cm, the halo provides 44,& of the total f lux. 
11. Observational values discussed in ? 3. 14 b. 
42 
Gaussian with a half-power width of 13.8 1 • The products of 
the antenna gain and the source intensities over the beam 
were integrated numerically at two adjacent frequencies at 
2 21 cm assuming that the antenna gain varied as V and that the 
beam-width decreased as 1/V 0 For simplicity, it was assumed 
that the source profiles used were representative of the source 
in all directions and the integration was only carried out 
in one direction. 
The calculated antenna temperature spectral slopes 
based on published flux spectral indices and models of brightness 
distributions are shown in Table 3. 1. 
3.02 The Moon 
The moon has a mean diameter of 31 1 which covers 
more than 99% of the total main antenna beam solid angle . 
Because the coverage is so complete, a change in frequency 
near 21 cm produces a negligible change in antenna temperature 
assuming the moon is a black body . 
The brightness temperature of the moon has been 
measured at many frequencies and the evidence indicates that 
the moon ' s spectrum is characteristic of a black body . The 
o 
brightness temperature of the moon was assumed to be 230 K. 
This value is the approximate mean of a number of published 
values for frequencies between 430 Mc/sec and 13,500 Mc/sec. 
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The accuracy of this estimate is probably 5%. All the results 
in this study were referred to this assumed brightness temperature 
so that , not withstanding any absolute error , all the data would 
be internally consistent . 
It was assumed that the brightness temperature of the 
moon did not change with phase . In any case all the relevent 
observations took place near full moon so that t his approximation 
results in a negligible error at 21 em . 
3. 03 Data Analysis 
The data was processed by computer . The 
recorded deflections were first corrected for the relevant 
attenuations to give a and ~ as defined in 9 2. 01 and 92•03. 
Then the alternate sets of source and comparison source 
deflections were averaged to produce a and ~ and the sum of 
the standard deviations , ~ , was determined . 
o 
To reduce the effect of long- term gain variations , 
the data was investigated to detect a possible correlation 
between the on- source to off - source deflecti ons , a, and the 
off- source output level ~. This was done by first determining 
a least- square solution to the linear equation; 
a = a + a , <I o 
The constant a . is a measure of the rate of change of a with /· 
If this were due to a gain change , there should be a similar 
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equation relating ~ and J25; 
= 
where 
b == To 1 - Ta • a1 
Using the equations (3 . 2) and (3 . 3) all the data of the sets 
of ~ I S were used to determine b . 0 ' 
The sum of the standard deviations of ao and b 0' <J1, was a 
measure of how precisely the data conformed to equat i ons (3 . 1) 
to (3 . 4) . If <J
1 
< ~o ' it was considered that t he correlati ons 
between ex and ¢ and ~ and ¢ were significant and due to a 
systematic relative gain change so that a o andb were used in o 
place of a and ~ to determine the final different i al temperature . 
If 0; ~~, it was considered that detectable long- term relative 
gain variations were not present and a and ~ were used to 
determine the differential temperature o 
Zenith angle dependence in the data was checked in 
a similar fashion but no significant correlation was ever 
detected . 
The value of TaiTe and Ta/Tm used in equation (2 . 6) 
and (2 . 15) was determined from the relative attenuati ons used 
on the two sources . The value final ly used in determining 
the differential temperatures was the average val ue of TalTc or 
Ta/Tm determined from all observations at all the frequencies used 
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(except in the case of the Fornax A observations* ). The 
scatter in the individual determinations suggest t hat the 
average value used was correct to -- 1%. This accuracy is 
more than sufficient since TaiTe or TalTm do not need to be 
known to any great precision. 
The computer output for any complete set of data 
I 
was a differential temperature, 6 T , where; 
= ~ { Ta _ ~ } 
g Tc ~ 
For the absorption experiments outlined in ~ 2.01, 
this di fferential temperature is related to the differential 
temperature of the source (from equati on (2.6a)), ~ T, by; 
= AT' Ta 
u. + Tc 
and in the more common case where the moon was used as the 
comparison source, from equation (2.6b); 
* Fornax A is highly polarized. Because it and its comparison 
source, Pictor A, was observed over a range of position angles, 
the value of TaiTe determined for any set of observations was 
used to determine the differential temperature for that set. 
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For the emission experiment outl;ned . A2 03 ... ~n y . , 
the differential temperature of the background sky, ~ Tb' is 
( 
related to 6. T by ; 
- (T - T ;L 
a2 a1 'f •• • • (3 . 8) 
The quantities , ~T ' , will be shown in the data 
tables for each experiment along with an associated statistical 
probable error and weight . 
The probable error of any differential temperature 
was defined to be; 
P. E. = g rn 
where cr- = Il: or a- whichever was relevent . 
1 0 
n = number of determinations of a and ~ made 
and g = receiver gain. 
This probable error will be referred to as the statistical 
probable erroro 
Since instability of the relative gain of the two 
channels was the principle source of error , the data was 
weighted according to the inequality of gain in the two channels 
as well as by the size of the probable errors . Since the 
size of ~ was a measure of the gain inequality the weight of 
any differential temperature was defined to be; 
W = (100 - @) 
103 (P . E. )2 
where ~ is here in units of chart divisions (1 chart division = 
47 
- 4 0 10 volts -' 0 . 1 K typically) . This weight will be referred 
to as the statistical weight of the determinat i on . 
If the source and comparison source were observed 
Inore than once in any set of observations , the statistical 
probable error is a fair estimate of the true probable error 
I 
of 6 T . If however, both sources were observed only once , this 
probable error is only an indication of how stable the receiver 
was during the observations of the source and the comparison 
source and does not include errors caused by a systematic gain 
change over the total period of observation. From an examination 
of all the data, it was estimated that the relative gain of the 
two receiver channels rarely changed by more than 0. 1% per hour . 
Consequently, for those sets of observations consisting of only 
one series of measurements en the source and the comparison 
source , another probable error was defined with a magnitude 
given by a possible gain change of 0. 1% per hour . The final 
probable error for the set of observations was then taken to be 
the sum of the statistical probable error and that other probable 
error . For those sets of observations consisting of more than 
one series of measurements of the source and comp ison source , 
the final probable error was trucen to be given by the statistical 
probable error . 
Because the estimated probable errors for sets of 
observations which contain only one series of measurements on 
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the source and the comparison source were only approximate , 
it was thought desirable to weight them lower t han for other 
more complete sets of observations . Another weight was defined 
which was unity if the set of data included only one series of 
measurements on the source and the comparison source and which 
increased by one for each additional seri es of measurements . 
I 
The final weight for the calculated value of~ was then taken 
to be the product of the statistical weight and this other 
weight . 
3. 04 Correction for the Effects of the Earth's Orbital 
Motion 
For the wide band observations (nominal band 
width 1. 5 Mc/sec) , the frequencies used were not corrected for 
the effect of the earth ' s motion around the sun. This correction 
is always smaller than the frequency corresponding to !30 km/sec 
which represents less than 10% of the bandwidth. 
For the narrow band observations (nominal band width 
500 kc/sec) , a correction was made and the velocities given in 
the data tables refer to velocity with respect to the sun. 
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3.1 The Absorption Experiments 
Observations with a bandwidth of 1.61 Me/sec 
were conducted for the radio sources Virgo A, 30353, 30273 and 
Fornax A. Further observations of Virgo A were made with a 
bandwidth of 530 kc/sec. The comparison source for Fornax A 
was Pictor A and or the other sources was the moon. 
The basic processed data for each radio source 
consisted of a number of differential temperatures with their 
associated errors. For those sources for which the moon was 
used as a comparison source, these differential temperatures 
are equivalent to the differential temperatures in the spectrum 
of the source, For the Fornax A measurements, these differential 
temperatures contain a constant term due to the spectral slope 
of the comparison source, Pictor A. 
From the differential temperatures for each source, 
an effective antenna temperature spectrum was constructed. 
An "expected" spectrum in the absence of absorption was 
calculated from the antenna temperature slopes given in <7 3. 01 . 
Because the spectra were constructed from a series of differentials, 
the errors in general accumulate along the spectrum. This was 
particularly so for the Virgo A narrow band observations. For 
the wide-band observat ions , the frequencies of observation were 
chosen so t hat , for two bandwidths either side of the expected 
frequency of peak absorption, the frequency pairs had one 
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frequency in common. Over this range therefore, the errors do 
not cumulate . 
For those sources which showed evidence of absorption , 
the antenna temperature spectrum was replotted in terms of 
optical depth o The continuum was assumed to be given by the 
"expected" spectrum of the source or, if there were enough 
points available which did not show absorption, by the line of 
best fit to those points . 
In the plotted antenna temperature spectra, all 
measured points were shown to give some idea of the agreement 
between the measures but in the optical depth spectra, only the 
mean of all measures for the same frequency pair were shown. 
Virgo A Absorption Measurements 
a) General 
The radio source , Virgo A, has been identified 
with the peculiar giant elliptical galaxy, NGC 4486, in the 
Virgo cluster of galaxies . Because of its large mass, this 
galaxy is assumed to be situated close to the centre of the 
cluster. Its radial velocity, with respect to the sun, has 
been measured by Humason, Mayall and Sandage (1956) to be 
+1196 km/sec from Mt . Wilson plates and +1290 km/sec from 
Mt . Palomar plates . 
The median cluster velocity has been given by the 
same authors as +1136 km/sec. 
The off-source reference position fo r Virgo A 
m 
was 4 following the determined position of peak antenna 
temperature. The off-source reference position was 5m 
following the centre of the moon. 
The mean value of T /T determined from all the 
a c 
observations ~as 0.8253 !0.0050. 
b) Wide-band Absorption Measurements 
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Observations with a bandwidth of 1.61 Me/sec 
were made in June 1963, March 1964 and January 1965. Weather 
conditions and receiver performance varied from poor in the 
earlier observations to excellent in the final set. These 
conditions are reflected in the weights and probable errors 
given to the individual observations. 
The results of the observations are shown in Table 3.2. 
The reconstructed antenna temperature spectrum is shown in 
Figure 3.1. All the plotted points between veloc i ties of 
485 and 1750 km/sec are referred. to the pofunt at 1120 km/sec 
(that is, each frequency pair had in common one frequency 
corresponding to a velocity of 1120 km/sec.). The points at 
2050 and 2385 km/sec are referred to the mean point at 1750 km/sec 
and the point at 2020 km/sec is referred to the mean point at 
2385 km/sec. The~rors shown are the er rors of individual 
determinations and not, for points at velocities ) 1750 km/sec 
\ . 
Figure 3. 1 _ the effective antenna temperature spectrum of 
Virgo A as determined by wide band (nominally 
1. 5 Me/sec) observations . The abscissa shown 
is in terms of radial velocity away from the earth . 
Figure 3. 2 _ the spectrum of Virgo A in terms of optical depth. 
The abscissa is in the same terms as in Figure 3. 1 . 
The unabsorbed continuum was defined to be the 
slope of best fit as shown in Figure 3. 1 . 
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the cumulative errors . 
The "expected" slope of the spectrum, in the 
absence of absorption is drawn through the mean pOint at 
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485 lan/sec. The "slope of best fit" is defined by a line drawn 
through the mean point at 485 lan/sec which best fits the points 
at velocities greater than 205 lan/sec . 
The optical depth spectrum shown in Figure 3. 2 was 
derived by assuming the "slope of best fit" represented the 
continuum in the absence of absorption. 
The good agreement between the expected slope and the 
"slope of best fit" in Figure 3. 1 indicates that systematic 
errors in the observations were small . The good agreement 
between individual measurements of the same frequency pair 
indicates that the estimated probable errors were valid . 
c) The Narrow Band Absorption Measures 
Virgo A was observed with a band width of 
530 kc/sec over a limited frequency range in February 1964 , 
March 1964 , May 1964 and February 1965 . The frequency 
separation of all the measurements was only one bandwidth 
to achieve maximum relative gain stability . 
The data are shown in Table 3.3. The relative 
weights of the observations were not calculated since measurements 
on each frequency pair were not repeated but because of the high 
gain stability the weights would be generally high compared to 
the wide- band observations . In all cases , more than one series 
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of measurements were made on the s ource and the comparison 
source so that the probable errors shown are the statistical 
probable errors o 
The spectrum reconstructed from the data is shown 
in Figure 3. 3. The spectrum is referred to t he point at 
+1916 km/sec and the errors shown are cumulative . The 
"expected" spectral slope was calculated as before and drawn 
through the point at +1916 km/sec . The spectDUm in terms of 
optical depth is shown in Figure 3. 4 where it was assumed that 
the "expected" slope in Figure 3. 3 represented the continuum 
level . 
Although the narrow band spectrum agrees in general 
form with that of the wide- band spectrum, it has an apparently 
incorrect over- all slope . This is what would be expected if 
the narrow- band data contained systematic errors and it was 
noted in 9 2. 22 that t his was likely to be the case . 
Over most of the frequency range covered by the 
narrow band measurements the corresponding wide band measurements 
do not contain cumulative errors . Moreoever systematic errors 
in the wide- band measurements were shown to be small. It was 
therefore possible to remove systematic errors from the 
narrow- band measurements by adding an artificial slope to the 
narrow band spectrum so that the points at +1916 km/sec and at 
1120 km/sec coincided with the wide band points at those velocities . 
\ . 
I ' 
Figure 3. 3 - effective antenna temperature spectrum of Virgo A 
from narrow- band observations (nominally 500 kc/sec) . 
Figure 3. 4 - the narrow band spectrum of Virgo A plot Led in 
terms of optical depth where the unabsor bed 
continuum was taken to be given by the expected 
slope in Figure 3. 3. 
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The resulting corrected optical depth spectrum is shown in 
Figure 3. 5. 
3. 12 3C273 Wide- band Absorption Measurements 
a) General 
The radio source 3C273 is optically the 
brightest of the known "quasars" o The source is complex but 
completely unresolved at 21 cm. with the 210 foot radio telescope . 
3C273 is about 100 south of the centre of the main 
condensation of the Virgo cluster but still within the 
projected boundaries of the cluster. 3C273 is however well 
behind the cluster and has a large red- shift so that its 
spectrum would not be expected to show HI self- absorption 
features or features due to general intergalactic HI at 
frequencies near the absorption feature in the Spectrum of 
Virgo A. 
The mean value of T /T determined from all the 
a: c 
+ observations was 0 . 1818 - 0. 0033 . The comparison source was 
the moon. 
The off- source reference position of 3C273 was 
4m following the source and for the moon was ~ following the 
centre of the moon. 
b) The Observations 
3C273 wqs observed with a band width of 1. 61 Me/sec 
. . 
I • 
Figure 305 - the narrow band spectrum of Virgo A in terms of 
optical depth after correction for systematic 
errors • 
Figure 3. 6 - the effective antenna temperature spectrum of 
3C273 a~ determined from wide- band (nominally 
1.5 Mc/sec ) observations. 
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in March 1964 and January 1965 . The receiver stability was 
generally high for these observations . 
The data are shown in Table 3. 4. These data were 
used to construct the antenna temperature spectrum shown in 
Figure 3. 6. The points plotted are referred to the point at 
1120 km/sec (that is , each frequency pair had in common one 
frequency corresponding to a velocity of 1120 km/sec) with the 
exception of the point at 2050 km/sec which is referred to the 
mean point at 1750 km/sec . Consequently, over the range from 
485 km/sec , the errors are not cumulative . The error for the 
point at 2050 km/sec is only that of the measurement relative 
to 1750 km/sec . The expected slope calculated from ~ 3. 01 is 
shown dravm through the mean point at 485 km/sec . 
In this experiment, T and T are not similar . 
a c 
Consequently , the systematic errors would be expected to be 
somewhat greater than in the Virgo A wide- band observations . 
Although the spectrum does not cover a sufficient range to 
define a value of the antenna temperature slope accurately , 
the over- all spectral slope agrees well with the "expected" 
slope calculated from ~ 3. 01 . In Figure 3. 7, the spectrum 
has been replotted in terms of optical depth where the assumed 
continuum was given by the expected slope . 
. . 
I • 
Figure 3. 7 - the wide-band spectrum of 30273 plotted in terms of 
optical depth where the unabsorbed continuum was 
taken to be given by the expected slope in 
Figure 3. 6 • 
Figure 3.8 - the effective antenna temperature spectrum of 30353 
as determined from wide- band (nominally 1. 5 Me/sec) 
observations . 
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3C353 Wide-band Absorption Measurements 
a ) General 
According to Matthews , Morgan and Schmidt (1964) , 
the radio source 3C353 is associated with a D4 galaxy in a 
loose cluster at a distance of 91 Mpc . The source is 
unres olved with the 21 em beam of the 210 foot radio telescope . 
The radial velocity of t he source , from its distance , 
would be expected to be greater than - 7000 km/sec . Consequently, 
its spectrum would not be expected to show any absorption 
features over the frequency range of the Virgo A observations . 
The mean value of T IT determined from all the 
a c 
+ 
measurements was 0. 2355 ~. 0014 . The comparison source was 
the moon . The off- source reference position was 4m following 
m the on- source posit ion and the off-moon position was 5 
following the centre of the moon ' s disk . 
b) The Observations 
This source was observed with a band width of 
1. 61 Mc/sec in June 1963 . The receiver stability and weather 
conditions were generally poor over this period. 
The data are shown in Table 3. 5. The antenna 
temperature spectrum constructed from the differential 
temperatures is shown in Figure 3. 8. The points between 
485 km/sec and 1750 km/sec are referred to the point at 
1120 km/sec so the errors are not cumulative over this range . 
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The point at 2385 km/sec is referred to the mean pOint at 
1750 km/sec and the pOints at 3015 km/sec are referred to the 
point at 2385 km/sec . For those latter pOints , the errors 
shown are only the probable errors of the individual measurements . 
The expected slope calculated from ~3. 01 is drawn through the 
point at 1120 km/sec . 
The errors for this set of measurements were probably 
underestimated . The receiver stability was poor and the moon 
was a considerable distance away from the source positions so 
that the time interval between source and comparison source 
measurements was long . As well, the majority of the observations 
contained only one series of measurements on the source and 
the comparison source . 
Wi th tIe exception of the point at 485 km/ sec , the 
plotted spectrum agrees with the expected spectrum in the 
absence of absorption . 
3. 14 
a) 
Fornax A Wide- band Absorption Measurements . 
General 
Fornax A has long been identified with the 
peculiar galaxy , NGC 1316, wpieh is generally assigned membership 
in the Fornax cluster of galaxies . The evidence for cluster 
membership is reviewed in Appendix A. The source is a double 
and is well resolved with the 21 cm beam of the 210 foot radio 
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telescope . For these measurements only the easterly component 
of the source was used . According to Bolton , Gardner and 
Mackay (1964) , the easterly component is 12% linearly 
polarized. 
The radial velocity with respect to the sun of 
NGC 1316 has been given by Humason , Mayall and Sandage (1956) 
as +1878 km/sec :75 km/sec . From two Mt . Stroml o plates kindly 
taken for me by Dr. B. E. Westerlund , the radial ¥elocity was 
measured to be +1760 :20 km/sec . 
The off- source reference position was 1° south of 
the on- source position. 
The comparison source used for the Fornax A measurements 
was Pictor A, which has been identified with a 16th magnitude 
galaxy. The source is a double but is not well resolved with 
the 21 cm beam of the 210 f oot radio telescope . It has a 
velocity recession of 1. 05 x 10~ km/sec (Schmidt, 1965) . It 
is well away from the Fornax cluster and no discontinuous 
absorption features would be expected in its spectrum in the 
frequency range concerned . 
The Pictor A off- source reference position was 1° south 
of the on- source position. 
b) The Observations 
Observations of Fornax A were conducted with a 
bandwidth of 1. 61 Mc/sec in November 1963 and January 1965 . 
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The receiver stability was fair in the earlier observations 
but the total observing time was long so t hat the errors 
were generally small . The later observations were done with 
good receiver stability. 
The data are shown in Table 3. 6. The tabulated 
differential temperatures are related to the differential 
t emperatures of Fornax A by equation (3 . 6) . 
The reconstructed antenna temperature spectrum of 
~T ' is shown in Figure 3. 9. The points between 1095 and 
2360 km/sec are referred to the point at 1730 km/sec so that 
the errors are not cumulative over this range . The points 
at 2995 km/sec are referred to the mean point at 2360 km/sec, 
the point at 3537 km/sec is referred to the mean point at 
2095 km/sec and the point at 460 km/sec is referred to the 
mean point at 1095 km/sec . The errors shown for the latter 
points are the individual errors of measurement . The expected 
slope was calculated using equation (3 . 6) from the data in 
Q 3. 01 and is drawn through the point at 1730 km/sec . 
The expected slope does not agree well with the 
plotted spectrum in the sense that the plotted spectrum is 
flatter . Fr om other measurements at 11 em and 21 cm , the 
observed antenna temperature slope of the easterly component 
of Fornax A (M . Price , private communication) is somewhat 
flatter than the calculated slope ; rV - 1. 90 compared to - 2. 00 
\ . 
Figure 3.9 - the effective antenna temperature spectrum of Fornax A 
as determined from wide-band (nominally 1.5 Mc/sec) 
observations . The "observed" slope is from other 
observations with the same telescope. The "calculated" 
slope was determined in 9 3. 010 
Figure 3.1 0 - the spectrum of Fornat A plotted in terms of optical 
depth where the unabsorbed continuum was taken to 
be given by the slope of best fit to the points in 
Figure 3.9 with velocities great er than 1730 km/seco 
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calculated in 9 3001 . The observed Pictor A antenna temperature 
slope over this same range (from Bolton, Gardner and Mackay , 1964) 
is - 1. 49 compared to the calculated value of - 0. 82 . Using the 
observational values for the antenna temperature spectral slopes 
of these sources results in an expected slope which agrees very 
well with the plotted spectrumo 
The plotted spectrum shows a discrete step near 
1730 km/sec . The slope of best fit to the spectrum for 
velocities > 1730 km/sec agrees very well with the slope for 
velocities less than 141 0 km/sec . The optical depth spectrum 
of Fornax A has been plotted in Figure 3. 10 where the line of 
best fit through the point at 1730 km/sec passing through 
the pOints at velocities greater than 1730 km/sec was taken to 
be the continuUffio 
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3. 2 Cluster Emission Measurements 
Several attempts were made to detect HI in 
emission from the Virgo and Fornax clusters of galaxies by 
the method outlined in ~ 2. 02 using a band width of 1. 61 Mc/sec . 
3. 21 Fornax Cluster Measurements 
Attempts were made to detect HI emission from 
the Fornax cluster of galaxies in November 1963 and January 1965. 
The data are shown in Table 3. 7. The values of 
temperature in column 5 are the excess brightness temperatures 
at the on- cluster position compared to the off- cluster position 
in the channel tuned to the frequency of expected cluster 
emission (corresponding to 1730 km/sec) . The mean value of 
this cluster emission brightness temperature was 00015 oK ~0.02 oK . 
Disregarding the measurement on 28 November, 1963 , the mean 
+ 0 
emission brightness temperature was +0 . 026 -0.019 K. 
3. 22 Virgo Cluster Measurements 
Attempts were made to detect HI emission from 
the Virgo cluster of galaxies in June 1963 and January 1965 . 
The on-cluster position was chosen to be the Virgo A 
off-source reference position; i . e . 12h 3~ OOs, +120 35 . 0 '. 
In the June 1963 measurements, the antenna was moved 
in azimuth only to eliminate any possible zenith angle effects . 
62 
In the measurement of 22 January , 1965, the off-cluster 
position was at approximately the same zenith angle as the 
on- cluster position. 
Because the on- cluster position was the same as the 
off- Virgo A reference position, the off- source and off-moon 
data of the absorption experiment were analyzed for the effects 
of cluster emission in those measurements which had one 
frequency at the expected cluster emission frequency . 
The data are shown in Table 3. 8. The temperature 
given in column 5 is the excess brightness temperature at the 
cluster frequency at the on- cluster position compared to the 
off- cluster position. The mean value of this temperature from 
0+0 
all the observations was +0 . 008 K - 0 . 022 K. From the 
measurements involving only changes of azimuth which were 
individually the most precise , the mean value of this temperature 
0+0 
was 0. 001 K - 0. 027 K. 
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General Intergalactic Emission Measurements 
a) General 
Using the method outlined in ? 2. 03 , a series 
of measurements were made to detect general intergalactic 
HI emission. 
The source chosen to be observed in conjunction with 
the moon was NGC 6618 , the Omega nebulae , a well- known bright 
thermal galactic radio source . This source was selected because 
it was conveniently close to the moon at the time of observation 
and because it has an antenna temperature comparable to that of 
the moono 
This source and the moon were observed at frequencies 
corresponding to velocities of +1500 , +500, - 440 and - 1500 km/sec . 
The mean value cf T /T from all the determinations 
a m 
+ was 1. 916 - 0. 023 . This value, corrected for the antenna 
temperature slope of NGC 6618 , was used for reducing the data. 
b) The Observations 
The observations were made with a band-width 
of 1. 61 Mc/sec in July 1964. The receiver stability was very 
high throughout the observing period. 
The observat i onal data was processed similarly to 
the absorption experiment data and the results are shown in 
Table 3. 9. The tabulated di fferential temperatures, t:. T' , are 
related to the differential temperatures of the background sky 
II 
, . 
Llf 
-2.08 
2.37 
-7.11 
TABLE 3.10 - reduced general intergalactic 
emission observations . 
CHANNEL 1 CHANNEL 2 
LlTb 
VELOCITY Llf VEIDCITY 
- 440 2.37 500 -0.137 
500 7.11 1500 0 0 185 
-1500 -2.08 
- 440 0.00 
P. E. OF 
LlTb 
0.058 
0.069 
0.038 
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by equation (3 . 8) ; 
c.Tb = ~: { f',T ' - (Ta2- Tal l} 
The spectrum constructed from the differential temperatures, 
AT', is shown in Figure 3. 11 . All points shown are referred 
to the point on their low velocity side and the errors shown 
are the errors of measurement of each frequency pairo Since 
b Tb 
in equation (3 . 8) would be expected to be small, the 
over- all mean slope of the spectrum in Figure 3. 11 is due 
largely to the terms (T
a2- Ta1 ) . Since the frequency pair 
corresponding to velocities of - 1500 and - 440 km/sec would 
be expected to have a Tb of nearly zero , the adopted "expected" 
spectral slope was drawn to pass through the points at - 1500 and 
- 440 km/sec . In Appendix B, this value is shown to be consistent 
with the measured characteristics of the source . Subtracting 
the values of (T
a2
- T
a1
) given by the expected slope from the 
measured values of ~T ' and multiplying by T /T produces a m a 
series of differential temperatures of the background sky , ATb• 
The spectrum of the background sky constructed from these values 
of b. Tb is shown in Figure 3.12 0 The values of ~Tb are shown 
in Table 3. 10. 
, . 
Figure 3.11 - the effective antenna temperature spectrum of M 17 
pl us the background sky as determined from wide-band 
(nominally 1. 5 Mc/sec) observations. 
Figure 3012 - the brightness temperature wide-band spectrum of 
the background skyo 
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3. 4 Discussion of the Data 
3041 Virgo A Absorption Data 
The wide band and narrow band optical depth 
spectrum of Virgo A may be used to construct models of the H 
velocity distribution in the Virgo cluster . The wide- band 
I 
spectrum , because of its accuracy over the absorption profile 
provides an accurate estimate of the total area contained by 
that profile . The narrow band spectrum , because of its large 
errors is quantitatively much less useful but it does provide 
a more accurate means of estimating in more detail , at least 
between adjacent bandwidths , the over- all shape of the 
absorption profile . 
The wide band optical ~pth s pectrum has been 
replotted in Figure 3. 13 along with the Gaussian curve of 
best fit to it . The fit of the curve to the points is excellent 
except for the pOints furthest from the peak . Th&s Gaussian 
curve has a peak optical depth of (59 ~3) x 10-4 , a velocity 
dispersion of ~460 km/sec (defined as the half width of the 
half intenSity points) and a velocity of maximum optical 
depth of +1200 km/sec . The general shape of the narrow band 
spectrum has also been plotted in Figure 3. 13. The form of 
the narrow band spectrum suggests that the velocity of peak 
abs orption is somewhat higher than 1200 km/sec and that there 
:. 
Figure 3. 13 - the absorption profile observed in the spectrum 
of Virgo A. The dotted line is the Gaussian curve 
of best fit to the observed points o The thin 
solid linefu the general shape of the profile as 
determined from the narrow band observations o 
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is an additional component of HI at a velocity -v 1700 km/sec . 
A more satisfactory model of the HI velocity 
distribution which retains the main features of the narrow band 
spectrum and which fits the wide- band spectrum reasonably well 
is that of two Gaussian velocity distributions . The major 
component has a maximum optical depth of 5. 9 x 10- 3, a 
velocity dispersion of 450 km/sec and a median velocity of 
1250 km/sec o The minor component has a maximum optical depth 
of 1. 0 x 10- 3 , a velocity dispersion of 80 km/sec and a mean 
velocity of 1700 km/sec . The absorption profile of this model 
is shown in Figure 3. 14 along with the observed wide- band 
values of optical depth. 
The accuracy of the measurements do not justify 
more elaborate models and the two-component model outlined 
above will be adopted . 
The total number of atoms in the line of sight in a 
col umn cm2 in area divided by their spin temperature , NH/Ts' 
may be calculated by equation (1 . 1) ; 
= 2. 60 x 10-
15 
o 
For the major component , the area contained by the 
Gaussian absorption profile is 2. 7 x 10
4 
c/sec and the 
corresponding value of NH/Ts is ; 
= /
20 
atoms cm - K 
.. 
" 
: ~. 
- -
- -
Figure 3. 14 - the adopted absorption profile in the spectrum 
of Virgo A is shown by the solid line . It is 
the sum of two Gaussian components - the minor 
component is shown dotted . 
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For the minor component , the area contained by the 
Gaussian absorption profile is 8 . 1 x 10-2 c/sec and the 
corresponding value of NH/Ts is ; 
Assuming NGC 4486 to be near the centre of the Virgo 
cluster, the total value of NH/Ts for a column extending through 
the cluster is ; 
atoms/cm2 
The Virgo cluster emission experiment indicates that 
the peak emission temperature is 3 x 10- 2 OK. Using twice the 
peak optical depth in the absorption profile, the corresponding 
upper limit on T is _ 3 OK. 
s 
3. 42 3C273 
The optical depth spectrum of 3C273 has been 
replotted in Figure 3.15 along with the Gaussian curve of 
best fit . Here there is no justification for assuming more 
than one component to the velocity distribution and it can be 
seen tha t with the exception of the point at 2050 km/sec , the 
one component Gaussian fits the data well . 
The Gaussian of best fit has a maximum optical depth 
~ 
Figure 3015 - the absorption profile in the spectrum of 
3C273 . The thin line is the GaUSSian curve 
of best f it to the points o 
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of (66 ~5) x 10- 4 , a velocity dispersion of 500 km/sec and a 
mean velocity of 1440 km/sec . 
The area defined by the Gaussian absorption profile 
is 3. 3 x 104 c/sec corresponding to a value of NH/Ts of; 
(N /T ) = 1. 3 x 1019 H s 3C273 /
20 
atoms cm - K 
3C273 is approximately 100 south of the centre of the 
Virgo cluster of galaxies . NH/Ts at this position is however 
so~ewhat more than half of the corresponding value near the centre 
indicating that the cluster radius , defined by HI is considerably 
larger than that defined by galaxies . 
3. 43 Fornax A 
The Fornax A optical depth spectrum shows no 
trace of an absorption profile at the cluster velocity . In 
Appendix A, it has been shown that NGC 1316 is not likely to 
be a member of the Fornax cluster and that it certainly is 
not surrounded by cluster material . The absence of cluster 
absorption is thus not unexpected . From inspection of 
Figure 3. 10, the optical depth due to cluster HI is less 
than rv 10- 3 corresponding to an upper limit of N~Ts (over 
/ ) 
- 18 / 3 oK . 
a 1. 5 mc sec bandwidth of ~ 10 atoms cm -
The optical depth spectrum of Fornax A in Figure 3010 
shows a discontinuity near r- 1600 km/sec of the type produced by 
69 
general intergalactic HI absorption as outlined in 91.3. 
From the points at 1095 , 1730 and 2360 km/sec, the optical 
depth of general intergalactic H is (24 ~18) x 10- 4• The I 
good agreement between the spectral slope for velocit i es 
< 1095 km/ sec with velocities > 1730 km/ sec suggests that 
systematic errors in the Fornax A measurements were negli gibly 
small . Therefore , the whole of the spectrum may be used to 
reduce the probable error of the optical depth of general 
intergalactic HI . The adopted value of the optical depth and 
its probable error are thus (24 ~9) x 10- 4• 
A model of the general intervening medium between 
Fornax A and the sun which fits t he data is one in which the 
local HI velocit~ distribution at any point is Gaussian with a 
veloc "ty dispersion of 200 km/sec and where the local standard 
of rest in the vicinity of Fornax A has a radial velocity of 
1600 km/sec with respect to the sun. The absorption step 
produced by this model with a maximum optical depth of 
2. 4 x 10- 3 is shown in Figure 3. 16 along with the observed 
Fornax A optical depth spectrum. It is clear that the veloCity 
dispersion may be much less than 200 km/sec and still fit the 
data but it cannot be much more . 
The observed optical depth can be interpreted in 
terms of neutral hydrogen atom density divided by spin temperature , 
~/ Ts ' by use of equation (1 . 5) . For a Hubble constant of 
Figure 3016 - the spectrum of Fornax A. The solid line 
indicates the adopted absorption profileo 
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75 km/sec/Mpc , ~/Ts is ; 
~ 5. 9 x 10- 7 H LlTa 
T = • • Ta 
s 
= (11 : 4. 1) x 10-8 atoms/ cm
3 
_ oK 
3.44 General Intergalactic Emission 
The spectrum of the background sky in Figure 3. 12 
bears little resemblance to the expected s pectrum shown in 
Figure 1 . 1 . The value of the emission temperature due to 
intergalactic HI is given by the mean differential te~perature 
for the two outer frequency pairs subtracted from the differential 
temperature for the central frequency pair . This emission 
temperature is thus 
The explanation that the spectrum might be showing 
absorption can be immediately discarded since the spin 
temperature of any intergalactic HI can never be less than the 
background sky brightness temperature . 
It is possible that the errors may be underestimated 
or that t tl ere may be systematic errors . This explanation seems 
unlikely because the receiver st l:\bility was high and the antenna 
temperatures of NGC 6618 and the moon were comparable . Absorption 
experiment measurements under similar conditions had negligible 
systematic errors and probable errors which were , if anything , 
71 
generally over- estimated . The errors in this experiment would 
need to be doubled to produce an upper l imit to the emissi on 
temperature of 0 oK which makes this explanation even more 
unlikely . 
An alternative explanation of the observed s pectrum 
may be that the spectrum of M 17 might hage an anomaly near a 
frequency corresponding to a velocity of +500 kID/sec . Such an 
anomaly might be caused by an isolated cloud of high velocity 
galactic HI in the line of sight to M 17. If t he point at 
+500 kID/sec is ignored , the intergalactic emission temperature 
is given by the heights of the point at +1500 km/sec above a 
continuum defined by a line joining the pOints at - 1500 and 
- 440 kID/sec . Since one end of the spectrum is compared with 
the other , the relevant er ors are cumulative as shown in 
0+ 0 
Figure 3. 17 and the emission temperature is +00048 K - 0. 145 K. 
Substituting in equation (1 . 4b) and assuming H = 75 km/sec/MPc , 
the intergalactiC HI density is; 
= ( +) - 6 2. 2 - 6 . 6 x 10 atoms/cm
3 
It is possible to calculate , at least approximately , 
the effect on the observed spectrum of M 17 of the presence of 
the emission line due to the permitted transition between the 
n = 167 and n = 166 levels of excited hydrogen. According to 
Kardashev (1959) , if the line width is caused by Doppler motions , 
Figure 3. 17 - the observed spectruw of the background skyo 
The adopted true sky spectrum is shown as a 
solid lineo It was assumed that the point at 
+500 km/sec was lowered by an anomaly in the 
spectrum of M 17. 
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the line would be expected to have a width of 65 kc/sec and a 
peak brightness temperature , T of 0. 01 of t he continuum p 
brightness ; i.e . T - 4 . 4 oK for our purposes . In fact, at 
p 
this frequency , the line width is determined largely by the 
linear Stark effect and T would be smaller . The line width 
p 
due to the linear Stark effect at this frequency is (from 
Kardashev ) ; 
/::. f = 2. 3 x 104 n e 
where n is the electron density . n may be supposed to be ~ 102 
e e 
so that l:. f ~ 2. 3 Me/sec . Since the brightness temperature -
line width product must be constant regardless of the exact 
mechanisms of line broadening , for A f = 2. 3 Me/sec , T = 0. 13 oK . p 
The frequencies of observation nearest to this expected line 
were 1427 . 5 and 1422 . 5 MC/cCC corresponding to velocities of 
- 1500 and - 440 kID/sec respectively . These frequencies are 
2. 8 and 2. 2 Me/sec away from the centre of the line so that the 
line would be expected to contribute excess temperatures of 
0. 03 oK to the continuum temperatures . If the line were broader 
than 2. 3 Me/sec , T would be smaller and the contri butions of 
p 
the line at the observed frequencies would be still ~ 0. 03 oK 
or less . The ultimate effect of this line would be to produce 
an observed intergalactic emission ~perat re which would be 
~ 0. 02 oK or less too small . This quantity is negligible compared 
to the observational errors and may be neglected . 
.' 
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Of course , the 167 - 166 line may be considerably 
stronger than predicted by Kardashev so that its effect might 
be significant . This seems possible since the observed emission 
temperature was negative as would be expected if the line were 
strongo It is however, useless to try to calculate the effect 
of a possibly stronger line until more reliable observational 
data of other lines in the series are available . For example, 
in order to alter the observed spectrum sufficiently to get an 
emission temperature of zero degrees, the Kardashev line must 
have a brightness of 4.8 OK and a half intensity width of 
3 Mc/sec; the brightness temperature- bandwidth product must 
be 14 .4 OK Me/sec which is a factor of "-' 50 times stronger 
than predicted. For the purposes of this~udy, it will be 
provisjonally assumed that the 167 - 166 line has no effect 
on the observed spectrum. 
" 
;, 
TABLE 3.11 - final results of all the observations 
TYPE OF OBSERVATIONS SOURCE QUANTITY VALUE 
USED MEASURED 
GENERAL SPECIFIC 
Cluster HI Virgo Cluster Absorption Virgo A NH / TS 2 19 / x10 atoms cm 
2 
_ oK 
" 3C273 NH / TS 19 / 1.3x10 atoms em 
2 _ oK 
Emission Virgo Cluster NH 2 19 / x10 atoms cm 
2 
Deduced TS < 30 K 
Fornax Cluster Absorption Fornax A NH / TS 18 / 2 0 < 10 atoms cm - K 
Emission Fornax Cluster NH <4 19 / 2 x10 atoms cm 
Emission M17 <9 -6 / 3 General ~ x10 atoms cm Intergalactic 
I 
HI 
- 7 / 3 0 Absorption Fornax A ~ / TS 1. 1x10 atoms cm - K 
Deduced TS < 800 K 
----~ -----.- -----~~ 
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3. 5 Summary 
The results of all the observa t i ons are summarised 
in Table 3 . 11 . Also shown there are the deduced values of the 
spin temperatures , T , from combined absorption and emiss i on 
s 
experiments . 
75 
KEY TO TABLES 3. 2, 3. 3, 3. 4, 3. 5, 3. 6, 3. 9. 
Column 1 
Column 2, 4 -
Oolumn 3, 5 -
Column 6 
Oolumn 7 
Column 8 
Column 9 
Column 10 
Column 11 
Column 12 
Column 13 
the date of observation 
the channel frequency difference from 1420 ~406 ; 
the galactic rest frequency of HI 
the radial velocities corresponding to the 
frequencies of the channels 
the "statistical weight" of the observation as 
defined in ~ 3. 03 
the "final weight" of the observation as defined 
the "statistical probable error" of the observation 
as defined in ~ 3. 03 
the "final probable error" of the observation 
as defined in 9 3~ 03 
the differential temperature to T' where; 
AT' = ~ { :: - ~ 1 
the total number of observations of the source 
and the comparison source for the frequency pair 
the mean value of ~ Tt from all observations 
the probable error of AT' in column 120 
Column 
Column 2,3 -
Column 4 
Column 5 
Column 6 
Column 7 
Column 8 
76 
KEY TO TABLES 3. 7 and 3 . 8 . 
the date of observation 
the radial velocities corresponding to the 
frequencies of the channels 
the co- ordinates of the "on- cluster" position 
the co- ordinates of the "off-cluster" reference 
position 
the excess brightness temperature of the cluster 
at the cluster frequency 
the probable error of the temperature in column 6 
the type of observation used to determine the 
temperature in column 6 . 
TABLE 3.2 - Virgo A wide-band observations 
CHANNEL 1 CHANNEL 2 
DATE II II STAT FINAL STAT FINAL M NO. MEAN P.E. OF 
FREQ VELOC FREQ VELOC WT . WT . P. Eo P. E. llT MEAN 6T 
MC/S MC/S 
3 June '63 - 2.30 484 - 5.30 1118 0.01 0.01 0.274 0.670 -1.20 25 
4 June '63 - 2.28 482 - 5.29 1116 1.5 3. 0 0 . 079 0.079 -0.83 23 -0.850 
0.080 
1 Mar '64 - 2.29 483 - 5.30 11 18 0 .05 0.1 0.560 0.560 -1. 44 24 
22 Jan '65 - 5.19 1093 - 8 .1 9 1728 10.00 30 0 . 099 0.099 1.050 37 
2 June '63 - 5.30 1118 - 8 .30 1 {51 4.0 12 0.129 0.129 1.230 32 1.076 0 .052 
8 June '63 - 5. 29 1116 - 8 .29 1749 10.3 31 0 .084 0 .084 1.041 34 
1 June '63 - 8 .28 1748 -11.28 2382 0.2 0.2 0.170 0.570 - 0.016 14 0.68 0.50 
9 June ' 63 - 8 . 31 1752 -11. 31 2386 95 95 0 . 031 0. 431 0.720 16 
'1 June ' 63 - 11.32 2387 -1 4. 32 3018 0 .1 5 0 . 3 0. 621 0.621 0.848 18 0 . 85 
0 .62 
21 Jan '65 - 3. 80 802 - 5. 30 1117 30 90 0.035 0 . 035 -0. 206 29 - 0 .206 
0 . 035 
23 Jan ' 65 - 8 . 20 1729 - 9 . 70 2047 1.5 3. 0 0 . 118 0.118 0. 691 28 0.69 
0.12 
-...l 
co 
5 June ' 63 - 5. 28 1114 - 7 . 55 1591 11 11 0 . 073 0 . 473 0 . 711 23 0.71 0 . 47 
24 Jan ' 65 - 5. 25 1107 - 6.75 1423 29 29 0.054 0.454 0.326 16 0 . 33 0.45 
TABLE 3.3 - Virgo A narrow-band observations 
CHANNEL 1 CHANNEL 2 
DATE t::. t::. STAT FINAL STAT FINAL boT NO. MEAN P.E. OF 
FREQ VELOC FREQ VELOC WT . WT. P. E. P.E. boT MEAN boT 
MC/S MC/S 
19 May '64 3.97 838 4.49 947 0.038 -0.312 93 -0.312 0.038 
18 May '64 4.49 947 5.00 1056 0.054 -0.265 56 -0.265 0.054 
28 Feb '64 5.00 1056 5.51 1163 0.031 -0.145 79 -0.145 0.031 
27 Feb '64 6.02 1271 5.51 1163 0.055 0.135 78 0.135 0.05 5 
2 Mar '64 6.53 1379 6.02 1270 0.039 0.075 77 0.075 0.039 
3 Mar '64 7.04 1485 6.52 1377 0.062 -0.133 71 -0.133 0.062 
20 May' 64 7.03 1484 7.54 1592 0.037 0.050 47 0. 050 0.037 
19 Feb '65 7.54 1591 8.05 1699 0.086 0.124 55 0.1 24 0.086 
20 Feb '65 8.03 1695 8.55 1804 0.089 0.885 42 0.885 0.089 
22 Feb '65 8 .57 1808 9.08 1916 0.125 0.120 93 0.120 0.125 
-.l 
1..0 
CHANNEL 1 
DATE 6-
FREQ VELOC 
MC/S 
23 May '64 2.30 486 
1 Mar '64 2.29 483 
22 May ' 64 2.29 1116 
22 Jan '65 5.18 1093 
21 May ' 64 5.29 1117 
24 Jan 165 5.25 1108 
21 Jan '65 3.80 802 
24 May' 64 3.29 695 
23 Jan '64 8 .20 1730 
" 
TABLE 3.4 - 3C273 wide-band observations 
CHANNEL 2 
6- STAT FINAL STAT FINAL 
FREQ VELOC WT . VlT. P.E. P.E. 
MC/S 
5.31 1121 37 111 0.045 0.045 
5.29 1117 27 108 0.041 0.041 
8 .29 1750 39 154 0.046 0.046 
8 .19 1728 2 2 0.224 0.300 
6.79 1433 120 598 0.026 0.026 
6.75 1424 21 41 0.062 0.062 
5.29 1116 29 58 0.054 0.054 
2.31 1120 30 91 0.054 0.054 
9.70 2048 5 15 0.142 0.142 
6-T NO. 
-0.165 51 
-0.203 84 
0.019 43 
-0.206 12 
-0.051 50 
-0.083 29 
-0.148 18 
-0.081 39 
0.351 41 
MEAN 
6-T 
-0.184 
0.016 
-0.053 
-0. 107 
0.351 
P.E. OF 
MEAN 6-T 
0.028 
0.040 
0.016 
0.034 
CD 
o 
TABLE 3.5 - 3C353 wide-band observations 
CHANNEL 1 CHANNEL 2 
DATE I:l I:l STAT FINAL STAT FINAL I:lT NO . MEAN P.E. OF 
FREQ VELOC FREQ VELOC WT . WT . P. E. P.E. I:lT MEAN LlT 
MC/S MC/S 
3 June '63 2.29 484 5.30 1118 0.1 0.1 0.05 0 0 35 -0.78 26 -0.78 0.35 
8 June '63 5.29 1116 8.29 1749 60 119 0.04 0.04 0.262 18 0.268 0.04 
2 June '63 5.30 1118 8.30 1751 14 14 0.07 0.37 0.322 28 
9 June '63 8.30 1752 11.30 2386 18 18 0.07 0.37 -0.242 16 -0.242 0.37 
7 June '63 11.31 2387 14.30 3018 1.5 3 0.18 0.18 0.149 24 0.383 0.16 
6 June '63 11.29 2383 14.28 3014 10 10 0.07 0.37 0.452 28 
5 June '63 5.28 1114 7.54 1591 53 53 0.03 0.33 0.167 22 0.167 0.33 
co 
'" 
CHANNEL 1 
DATE fl 
FREQ VELOC 
MC/S 
25 Nov '63 2.19 462 
23 Nov '63 5.19 1095 
23 Nov '63 5.18 1094 
29 Nov' 63 5.19 1095 
22 Jan' 65 5.20 1097 
22 Nov '63 8.20 1730 
22 Nov '63 8.19 1729 
27 Nov '63 8 .19 1729 
28 Nov ' 63 8 .19 1728 
30 Nov '63 11.19 2362 
30 Nov '63 11.19 2362 
24 Nov '63 11. 19 2361 
27 Nov '63 14.19 2995 
26 Nov '63 6.69 1411 
24 Jan '65 5.24 1107 
26 Nov '63 8 .19 1729 
;. 
TABLE 3.6 - Fornax A wide-band observations 
CHANNEL 2 
fl STAT FINAL STAT FINAL 
FREQ VELOC WT. WT. P.E. P.E. 
MC/S 
5.20 1097 185 1296 0.025 0.025 
8 .19 1728 54 217 0.040 0.040 
8 .19 1728 15 30 0 . 051 0.051 
8.19 1729 22 110 0.056 0.056 
8.20 1730 18 55 0.070 0.070 
11.19 2362 2.5 5 0.127 0.127 
11. 19 2362 12 24 0.066 0.066 
11.19 2361 8.5 17 0.076 0.076 
11.19 2362 20.3 61 0.052 0.052 
14.19 2995 2.5 5 0.101 0.101 
14.04 2964 8 24 0.071 0.071 
14.19 2995 6.5 13 0.115 0.115 
16.76 3537 9 44 0.089 0.089 
8.19 1729 70 140 0.034 0.034 
6.74 1423 13.5 27 0.113 0.113 
9.69 2046 74 224 0.034 0.034 
flT NO . 
-0.002 56 
0.073 29 
0.118 14 
0.085 46 
0.105 30 
0.033 12 
-0.123 18 
-0.047 17 
0.055 44 
-0.123 19 
0.078 26 
-0.071 39 
0.068 38 
0.072 24 
0.180 35 
-0.Oi6 34 
MEAN 
liT 
-0.002 
0.084 
-0.002 
0.008 
0.068 
0.072 
0.180 
-0.016 
P.E. OF 
1'IEAN flT 
0.025 
0.020 
0.040 
0.050 
0.089 
0.034 
0.113 
0.034 
OJ 
f\) 
DATE CH 1 CH 2 
VEL. VEL. 
22 Jan '65 1095 1130 
28 Nov '63 1130 2390 
29 Nov '63 1095 1130 
TABLE 3.1 - Fornax Cluster emission observations 
ON OFF 
CLUSTER POSITION CLUSTER POSITION tlT 
a. 6 ex 6 
03 36 00 -350 30.0' 03 36 00 - 310 30.0' +0.027 
03 20 12 - 38 17.2 03 20 12 -41 11.2 -0.069 
03 35 02 -35 40 .0 03 35 02 -40 00.0 -0.1 51 
.. 
P.E. 
0.020 
0.069 
0.155 
TYPE 
On-Off Cluster 
On-Off Fornax 
Ref. Point 
On-Off Cluster 
* 
(Xl 
VI 
TABLE 3.8 - Vi~go cluster emission observations 
ON OFF 
DATE CH 1 CH 2 CLUSTER POSITION CLUSTER POSITION llT P.E. TYPE 
VEL. VEL. 0- 0 0: 0 
8 Jun '63 1115 1745 12h3?00 +120 35.1' 12h50mOO +12 0 0.052 0.044 Azimu th Change 
2 Jun '63 1115 1749 
" " 13 20 00 +15
0 
-0.023 0.030 
" " 
22 Jan '65 1120 1750 
" " 12 49 00 
0 
+12 35.1 0.264 0.086 On-Off Cluster 
4 Jun '63 480 1120 
" " 14 40 00 -10 
0 
-0.09 0.50 Off-Virgo to Off 
Moon Levels 
1 Mar '64 
" " " " 13 20 00 
_ 30 
-0.025 0.19 " 
8 Jun '63 1120 1750 " " 18 20 00 -21 
0 0.025 0.12 
" 
2 Jun '63 
" " " " 13 10 00 _ 2
0 0.047 0.19 " 
21 Jan '65 
" " " " 12 10 00 +06
0 
-0.082 0.062 
" <Xl ~ 
... 
TABLE 3.9 - General intergalactic emission observations 
CHANNEL 1 CHANNEL 2 
DATE fl fl STAT FINAL STAT FINAL liT FREQ VELOC FREQ VELOC VlT. WT . P. E. P.E. 
MC/S MC/S 
22 July' 64 -2.08 - 440 2.37 + 500 00 112 -0.684 
23 July '64 2.37 + 500 7.11 +1500 0.131 -0.174 
24 July' 64 -7.11 -1500 -2.08 - 440 0.072 -0.462 
... 
NO. MEAN liT 
92 -0.684 
132 -0.174 
94 -0.462 
P. E. OF 
MEAN liT 
0.112 
0.131 
0.072 
(Xl 
\Jl 
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CHAPTER FOUR. SPIN TEMPERATURE OF INTERGALACTIC H • 
I -
4. 00 Introduction' 
In order to convert observed values of optical 
depth to HI densities , it is necessary to know Ts ' the spin 
temperature of the atoms . The theoretical basis for estimating 
Ts was given by Field (1958) and in a later paper , (Field , 1959a), 
he considered specifically the problem for intergalactic HI. 
Field discussed three mechanisms which excite and 
de- excite the upper 21 cm triplet; low energy colli sions , 
21 cm continuum radiation and Lyman a radiation . For HI atoms 
originally in the lower level , low energy collisi ons with 
other HI atoms and with electrons populate the upper levels by 
electron exchange . 21 em radiation populates the upper levels 
by simple absorption. Llfman a populates the upper levels 
because every time a photon is scattered by an HI atom 
through absorption and re- emission , the scattering atom has 
a large probability of ending up in the upper 21 cm levels . 
Field argued that high energy collisions need not be considered 
since the energy required to raise the atom to the n = 2 state , 
1002 e . v . is nearly as large as the ionization energy , 13 . 6 e.v . 
Consequently , the atom is nearly as likely to be ionized as it 
is to be excitedo 
Field related the spin temperature of the medium to 
.. 
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the excitation parameters by (in the notation of his later paper); 
T 
s ••.• (4.1) 
where TR = the 21 cm background brightness temperature averaged 
over the sky 
TK = the kinetic temperature of the medium 
and '[ = the "normalized excitation temperature" where the 
subscripts refer to Lyman a radiation and collisions . 
'C
a 
is the sum of two components; (~)G which is due to Lyman a 
flux originating from galaxies and (Ta)R which is due to Lifman a 
radiation generated by recombinations in the medium. ~ is 
c 
the sum of two components due to atom-atom collisions and 
ato~-electron collisions . 
(r )R and 7 are functions of the kinetic temperature 
a c 
of and elect~on denSity in the medium so that some assumptions 
of physical conditions in intergalactic space must be made to 
evaluate them. TR and (lla )G are however independent of the 
nature of the medium and may, in principle, be determined by 
other observations . 
Field derived a value of (~a)G on the basis of some 
rather uncertain observational and theoretical data such that 
this parameter dominated all the other contributions to Ts over 
a wide range of conditions of practical interest . Because of 
" 
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the importance of (~ )G' it will be re-evaluated in the light 
of more recent observational data. 
The other terms which define T are of much less 
s 
importance but for the sake of completeness, a more accurate 
value of TR will be obtained and a minor correction to Field's 
values of (~ )R will be amde over a range of physical conditions . 
~ is always a negligible contribution to T for the range of 
c s 
densities of practical interest . 
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4. 1 Evaluation of (~ )G -
(~ )G is that component of ~ caused by the 
integrated radiation of galaxies which is transformed by 
red shift to the wavelength of Lyman~ , 1216 ~, at any point 
in space . In Appendix A of this (1959a) paper , Field showed 
that , for an expanding medium with a local velocity distribution 
which was Gaussian, ( 1fr )G is numerically related to the flux 
of Lyman ex by; 
•••• (4 . 2) 
where (n~)G is the flux of Lyman ~ Photons/cm3/sec generated 
by galaxies . 
To evaluate (n~)G ' Field assumed that Hubble ' s (1936) 
counts of galaxies as a function of magnitude were sufficiently 
accurate . He integrated the flux of the galaxies to a red- shift 
of 1/3 at which pOint Lyman ex photons in the local standard of 
rest were emitted at 912~. For wavelengths shorter than 912 ~ , 
the Lyman limit , the opacity of stellar atmospheres is so large 
that relatively little flux is emitted compared to wavelengths 
longer than 912~. Over the wavelength interval between 912 ~ 
and 1216 R, it was assumed that the flux of a galaxy varied as 
- 1 A 0 The actual flux at 1216 ~ of an average galaxy was 
estimated as fo llows . Lambrecht and Zimmerman (1956) had given 
a value of the flux ratio at 1216 i , F1216/Fpg ' for the solar 
neighbourhood which Field took to be representative of our 
" 
90 
galaxy seen from outside . This ratio was then calculated for an 
average galaxy over all types by calculating the relative 
number of early type stars in each morphological type of 
galaxy compared to our own and the relative numbers of each of 
these types of galaxies compared to the numbers of our own type 
and modifying the value of F1216/Fpg for our galaxy accordingly . 
(~) G calculated in this way is independent of Hubble's 
constant and Field concluded that ~ )G = 32 OK. 
For ease of reference , Field's rather complex equation 
used to define (na)G will be rewritten ; 
where 
and 
F1216 
F pg 
= 
= A o • 
F1216 
F pg 
• a • ~ • I ••.. (4 . 3) 
the ratio of fluxes in the vicinity of 1216 ~ 
and 4400 i for the solar neighbourhood , 
a = the absorption terms , which , multiplied to 
I 
F1216/Fpg ' gives this ratio for our galaxy seen 
from outside , 
F1216 
= a correction term which , multiplied to a . F ' 
pg 
= 
= 
gives the flux ratio for an average galaxy , 
seen from the outside 
the integral term over all galaxies and 
wavelengths which become 1216 ~ in the local 
standard of rest , 
the constant whi ch, using Field's value for 
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the other terms produces Field ' s value of 
The various terms appearing on the right hand side of equation 
(4 . 3) may now be discussed separately. 
In this section, the flux ratio , F1216/Fpg ' 
due to stars will be re- evaluated for the solar neighbourhood . 
The contributions of HII regions and other gaseous 
objects to the interstellar Lyman a flux at precisely 1216 ~ 
may be neglected , as Field showed , since Lyman a radiation in 
the galactic plane is greatly attenuated by scattering with 
hydrogen atoms . Perpendicular to the galaxy , the total number 
of HI atoms/cm2 in the solar neighbourhood is of the order of 
1020 (Dieter , 1964) . Cook (1963) has calculated the profile 
of the interstellar Lyman a absorption line for this figure . 
The optical depth is so large that the velocity dispersion of 
the atoms has only a second order effect and the half- intensity 
width of the profile is ~ 6 ~ with the centre of the line being 
nearly opaque . Of course , the Lyman a photons are only 
scattered except for the negligible number which undergo 
transitions through a virtual level . In the absence of dust , 
the total Lyman a flux from the galaxy would be virtually 
unchanged regardless of how much interstellar H! was present . 
92 
However , because the mean distance between scatterings is 
so small , the total path length the Lifman " traverses in order 
to escape the galaxy is very large and even a small amount of 
absorption by dust materially reduces the galactic Lyman " flux . 
The cross- section for Lyman " scattering in the line centre is 
,...; 10- 12 cm2 th t f so a , or a mean interstellar HI density of 
~ 0. 1 atoms/cm3, the mean free path between scatterings is 
onlY ~ 1011 em or ~3 x 10- 3 pC o To traverse a radial distance 
of ~ 100 pc and so escape the galaxy , the total path length for 
a photon is - 3 x 107 pc . With an average absorption due to 
dust of , say , 1 magnitude/kpc , it is easy to see that effectively 
no Lyman" radiation escapes from the galaxy . 
Contributions to the interstellar flux near 1216 ~, 
due to the unexplained intense nebulosities around early stars 
detected by Kupperian , Boggess and Milligan (1958) may also 
be disregarded . Byram, Chubb and Friedman (1964) were unable 
to confirm their existence with more sensitive equipment and 
concluded that the earlier result was spurious . 
Consequently, it will be assumed that stars are the 
only contributors to the interstellar flux near 1216 ~ so 
that F /F for interstellar space is determined by this 
1216 pg 
flux ratio for stars . Field used the value of F IF calculated 1216 pg 
by Lambrecht and Zimmerman (1956) . This value was based on the 
theoretical stellar models of early stars of Underhill (1950) 
of 
.. 
Stars Observed 
AO 05 1 
B5 052 
AO 083 
AO B03 
TABLE 4.1 - observed UV deficits 
for early stars. 
Wavelength Fpredicted/ Number of Stars (X) Fobserved 
1800 > 10 
'"'- 10 
1900 ,....- 5 7 
1427 ,...., 10 ~ 5 26 
1314 
- 10 ~ 5 23 
1. Stecker, T.P. and Milligan, J.E., Proc.3rd.Int.Space.Sc. 
Symp. 1061, Amsterdam, 1963. 
2. Alexander, J.D.H., Bowen, P.J. and Heddle, D.W.O., Proc • 
3r d.Int.Space.Sc.Symp. 1068, 
Amsterdam, 1963. 
3. Chubb, T. A. and Byron, E.T., Ap.J., ~, 617, 1963 • 
.. --.-~-
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amd i ecker (1950). Rocket observations of stellar ultra- violet 
have shown however that these stellar models predict a value 
of the ultra- violet flux which is systematically too large . 
The results of some rocket experiments are summarized 
in Table 4. 1. Underhill (1963) and Stromgren (1964) have 
reviewed these experiments and conclude that the discrepancy 
may be due to experimental errors , interstellar absorption, 
line blanketing and errors in the models. The consistency of 
the observations suggests that experimental errors are small. 
If the discrepancy is due to interstellar absorption, because 
the stars observed were generally close to the sun and 
relatively unreddened, the absorption in the ultra- violet 
must be enormous compared to the visual absorption . Consequently, 
if this explanation is accepted, little ultra-violet radiation 
would escape our galaxy and ('Ca)G ~ O. It will be assumed that 
the effect of interstellar absorption is negligible and that 
the discrepancy is real and due to the stars alone . The value 
of F IF deduced on this assumption will then be an upper 
1216 pg 
limit . 
The values of the discrepancy shown in Table 4. 1 
are rough averages because the observed values cover a large 
range even for stars of the same spectral type . The stars 
which determine the galactic flux near 1216 ~, the 0 and 
early B types , generally show a larger discrepancy than the 
" 
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later stars ; ten compared to five . Moreover, the spectra of 
Stecker and Milligan (1963) show that the discrepancy appears 
to increase for decreasing wavelength. It will be assumed that , 
near 1216 ~, the discrepancy is ten. This value is probably 
an underestimate . 
Since Field ' s value of F1216/Fpg was 5. 6, our 
value is then 0. 56 . 
4. 12 a - Absorption by Dust in our Galaxy 
Field assumed that the value of F1216/Fpg in 
the solar neighbourhood applied to the galaxy as a whole 
seen from out side . Since UV flux results predominantly from 
early type stars which are closely related to the galactic 
plane, some estimate must be made of the absorption undergone 
by this light before it escapes the galaxy . There are two 
difficulties in this estimate ; the wavelength dependence 
of interstellar absorption in the far UV is not known and 
the large- scale distribution of early stars , gas and dust 
is only approximately known . 
The measurements of absorption in the spectral 
region visible from the earth ' s surface by Whitford (1948) 
indicated that the wavelength dependence of absorption is 
closely approximated by a 1/A relationship . Oort and 
van de Hulst (1946) theoretically derived a distribution 
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of interstellar particle sizes which , assuming a particle 
composition similar to ice , produced a wavelength relationship 
of absorption which closely f its the observed curve . This 
theory predicts an absorption at 1200 ~ which is approximately 
the same as in the photographic region (4400 ~) . Unfortunately , 
the exact distribution of particle sizes may be varied to a 
large extent without destroying the fit of the theoretical 
curve to the observed (see for instance , van de Hulst , 1964) . 
It has been suggested that the mechanism of grain 
growth invoked by Oort and van de Hulst is oversimplified 
and Cameron (1962) has suggested that there may be large 
numbers of relatively small particles in the interstellar 
medium o This would produce a larger absorption in the UV 
than the simple theory predlcts . Boggess and Borgman (1964) 
have recently shown t hat , in fact , interstellar absorption 
- 1 0 
obeys the X law at wavelengths down to 2000 A. It will 
be assumed that the X- 1 law is valid to wavelengths as short 
as 1200 ~. 
It will be assumed that the galactic distribution 
of early stars , galactic HI and dust perpendicular to the 
plane are similar . Observations indicate that , except in 
very heavily obscured region, there is essentially a one 
to one correlation of the distribution of dust and galactic 
HI. Kerr (1963) has quoted an approximate figure of 180 pc 
,t 
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for the half- density width of HI in the galactic plane . This 
figure will be used for the dust as wello 
The distribution of early stars would be expected to 
be similar to the hydrogen but with perhaps a smaller width 
because star formation probably occurs most rapidly in the 
densest gas regions . Stothers and Tech's (1964) study of 
the distribution of early stars indicates an approximately 
Gaussian cross - section with a half- density width of about 
120 pc . 
It will be assumed that the galaxy can be represented 
by two uniform disks of early stars and of gas and dust , 
each of which has a Gaussian cross- section characterized 
by the parameters ~ and ~ respectively . 
When there is no absorption, looking perpendicular 
to the galactic plane at an infinite distance from it , the 
brightness/cm2, B, is given by; 
where 
.oD 
B = e [e-K .' d. 
-~ 
z = distance from the plane 
f. brightness/cm 2 at z = 0 = 
= H 0 B s 
of stars/em 2 at z = 0 N = number 
B = average brightness of a star 
s 
If the absorption is very small , the amount of 
• ••• (4 . 4) 
" 
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absorption , A(z) , in front of a thin layer of stars at height z, 
is given by ; 
t>O 
A(z) " f S e-<r·· d~ 
~ 
•••• (4.5) 
where r = absorbing density at z = 0 in terms of effective 
area obscured/cm2• 
Then the total brightness/cm2 seen Fom outside the 
galaxy , ~ , is given by; 
A " E feK 1'{ I -, r:-n'J>} h •••• (4 . 6) 
-.<) 
Which becomes; 
•.•• (4 . 7) 
where 
= total absorption from 
the galactic plane to .o • 
Equation (4 . 7) may be easily generalized to the 
case where the absorption is no longer small . The total 
effective absorbing area is smaller than the true area by 
the factor (\ - ~ I-o...;,'J CJ/t<. ). 
Then; 
1 
For the particular case where ~ = '" , A I = Arr 2:. 
" 
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In fact , where the stars and dust have identical distributions , 
this result also holds for square and triangular cross -sectio~. 
Thus it may be used with some confidence what- ever the actual 
shape of the distribution provided , as it is nearly certainly 
true , ~ ~ K. For a Gaussian cross- section, using the figures 
for the half- widths of the stars and dust given above , 
A' = ~0. 55 . 
According to Allen (1962) , in the solar neighbourhood , 
AT = 0. 42 magnitudes in the photographic region . At A = 1216 ~, 
- 1 the absorption ~ would be 1. 52 magnitudes assuming a A 
variation of absorption with wavelength . The ratio of the 
absorption at 1216 ~ to that at 4400 ~ is thus 1. 10 magnitudes . 
Taking into account the re uction factor of 0. 55, the actual 
value of F1216/Fpg outside our galaxy is 0 . 60 magnitudes 
smaller than Field originally estimated it to be because he 
did not consider the absorption. This correction will be 
additional to that considered in the previous section. 
The error of this estimate is not likely to be 
large . Allen ' s value of ~ is probably correct to within a 
factor of two or so and we have seen that the exact shape of 
the distribution of early stars and dust is not very important . 
Neglecting spiral structure may possibly be serious but its 
effect is difficult to evaluate . The worst error is likely 
to be incurred because the absorption in the solar neighbourhood 
was taken to be typical of the whole disk . However , 
Population I stars in other galaxies are generally not 
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appreciably conc entrated towards the nucleus and in any case , 
the dust would be expected to be distributed similarly to the 
early stars across the galactic plane . 
Since Field used Oort and van de Hulst ' s model of 
interstellar absorption, his value of a was 1. 0. Our value 
of a is 0 . 60 magnitude or 0 . 57. 
4. 13 Evaluation of @ 
B is defined by the following equation; 
= •••• (4. 9) 
where F1216/ Fpg is the 1216 ~ to 4400 ~ flux ratio for an 
average galaxy. 
Field avaluated B by assuming that F1216j Fpg for 
each type of galaxy vari ed directly as the relative percentage 
of Population I stars in that type of galaxy compared to our 
own galaxy and then averaging these quantities according to the 
relative numbers of each type of galaxy compared to the type 
of our own galaxy (assumed to be Sb) . 
a) F 16/F for each type 
- 12 pg 
Although spiral galaxies have larger relative 
numbers of early stars than elliptical galaxies , they also 
contain more absorbing material . Sandage (1961) has stated 
" 
Morphological 
class of 
galaxy 
E + So 
Sa 
Sb 
Sc 
TABLE 4.2 - relative flux ratios of 
morphological classes 
of galaxies . 
F121G1Fpg normalized F121&iFpg normalized 
to Sb to Sb 
NO ABSORPTION ABSORPT ION 
CORRECTION CORRECTION 
0 0 
0.73 0.9 
1.00 1.0 
1.50 1. 1 
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that there is essentially a 1 : 1 correlation between young stars 
and dust in the galaxies in the Hubble Atlas of Galaxies . This 
statement is corroborated by the radio evidence on the ratio 
of HI to total mass of galaxies if it is assumed that the 
amount of dust is proportional to the amount of H • I 
Irregular galaxies of the Magellanic type will be 
neglected in the averaging process because their total 
luminosities are small and even if they exist in the numbers 
suggested by Zwicky (ibid), their total effect is negligible . 
The same process of absorption as described in ~ 4 . 11 b) 
will be assumed to apply to all spiral galaxies . Using 
Holmberg 's (1958) values for the percent age of Population I 
stars in each morphological class and assuming that the amount 
of dust is directly proportional to the percentage of these 
stars , the mormalized flux ratio F1216/Fpg for each type of 
galaxy are shown in Table 4. 2. Also shown there are the 
normalized flux ratios uncorrected for the effects of absorption ; 
essentially the values used by Field . 
b) Relative Numbers of Each Type . 
The relative numbers of each type of galaxy 
are determined from galaxy counts . Field used Hubble ' s (1936) 
galaxy counts in his determination. 
The relevant counts to be used are those uncorrected 
for selection effects. If absolute number counts were used. 
TABLE 4.3 - relative numbers of 
morphological classes 
of galaxies normal-
ized to Sb. 
MorpholOgical class of Number relative 
galaxy Sb 
E + So 1.64 
Sa 0.59 
Sb 1.00 
Sc 1.32 
- .. - .. - -
to 
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it would be necessary to apply an additional correction for 
luminosities . The uncorrected number counts have, in effect, 
this correction already made. 
De Vaucouleurs' (1961b) more recent and complete 
counts will be used here. In Table 4.3 are tabulated the 
relative numbers of each type of galaxy relative to Sb given by 
de V aucouleurs . 
c) f 
Field determined a value of ~ of 0.70. Using 
the more recent data and correcting for absorption results 
in a ~ of 0. 51 . 
4.14 Evaluation of I 
The integral I in equation (4. 3) is an integral 
of galactic fluxes over a volume of space . Since distance is 
related to frequency by Hubble 's constant, this integral may 
be expressed completely in terms of wavelength, or more 
conveniently, of red-shift z. It may be re- written; 
ill 
I = J F(£) G(~) J~ 
o 
0.00(4.10) 
where F(z) = the wavelength dependence of galactic fluxes 
expressed in terms of red-shift 
G(z) = the number-redshift relationship 
and = the upper limit of integration; the rea-shift at 
.. 
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which galaxies no longer contribute to the local 1216 ~ flux . 
Field assumed that F(z) was propor tional to A- 1 or 
(1 + z) . z1 was taken to be 1/3 as mentioned before and G(z) 
was proportional to (1 + z)- 3. Other constants have been 
absorbed into A in equation (4 . 3) . The primary correction 
o 
which will be made to Field ' s value of I is due to line 
blanketing in early stars which was neglected by Field. 
Gaustad and Spitzer (1961) have calculated the 
equivalent widths of a large number of expected lines in the 
UV spectrum of a B2 star. Using these values, the average 
intensity of the star over 25 ~ intervals between 900 and 
1225 ~ has been plotted in Figure 4. 1. It will be assumed 
that this spectrum is representative of all 0 and B stars and 
the spectrl~ will be approximated by assuming the flux is 
constant in the region 1025 < A < 1200 ~ and zero for 
A < 1025 ~ . 
This approximation has two effects ; the upper 
limit of integration, z1 ' is reduced from 1/3 to 0. 2 and 
F(z) is now constant . The total of these effects which is 
only the result of a different assumed shape of the spectrum 
between 912 < A < 1216 ~ compared to Field , results in a 
reduction of Field ' s value of I of 2. 0. Since Field's value 
of I was 1/4 ours is thus 1/ 8 . 
.' 
• 
Figure 4 . 1 - the ultra- violet spectrum of a B2 star, averaged over 
25 ~ intervals, from Gaustad and Spitzer (1961). 
Also shown is the upper envelope of the spectrum 
as assumed by Field (1959 a) 
~ 
t 
II) 
z 
uJ 
t-
Z 
1.0 
SPECTRUM OF E~R\""f - TYPE STAR 
~o 11 00 ' lOO 1'\00 
WAVE.L.ENQTH (~) 
FiGURE. 4.1 " 
. . 
, . 
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TABLE 4.4 - summary of corrections 
to ( T ex)G • 
Term Field's Our 
value value 
F121~Fpg for the solar 5.6 0.56 
neighbourhood 
ex - correction for galactic 1.0 0.57 
absorption 
~ - correction for galaxy 0.70 0.51 types 
I - integral term 0.25 0.12 
( 'Lex)G 320 K 0. 650 K 
-~--
Estimated 
limits 
0. 56 -;. 0 . 21 
1 -+ 1 
0.7 -.. 0.35 
0.25 -.. 1 
30 K 
-
1 
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4. 15 Summary 
Field derived a value of (~~)G of 32 OK. 
The arguments in the preceeding sections all result in a 
reduction of this value. The results of the reductions are 
summarized in Table 4. 4 and a new value of (~~)G is shown 
with its estimated upper and lower limits. 
While the derived upper limit to ~)G of 3 OK is 
likely to be a true upper limit, because of the possibility 
that interstellar absorption might be very large, no worthwhile 
lower limit to (r~)G can be estimated. 
(~ ) of 1 OK With these provisos in mind , a value of L~ G 
will be adopted in the remainder of this discussion. 
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The radiation temperature due to the radio 
continuum of the background sky at 21 cm is relatively 
unimportant in determining T if either T or -z; are large . 
sac 
It will be re- estimated largely because it is the lower limit 
to the spin temperature (if 1: ........ L: .-J 0 , then T = TR) . cas 
TR cannot be determined directly but it is certainly smaller 
than the observed value of the brightness temperature at 21 em 
of the galactic poles which is due to both the galactic and 
extra galactic contributionso At low frequencies , Turtle , 
Pugh, Lenderline and Pauling-Toth (1962) have attempted to 
separate the two components by measuring the spectra of 
background emission with a set of scaled antennas . Their 
measl rements do not extend to 1420 Mc/sec ; the lowest 
measured wavelength was at 1. 7 m where the estimated extra-
o 
galactic background brightness temperature was -- 25 K. 
Assuming a spectral index for this emission of - 0. 7, the 
t 1 t d 1 f T at 1420 Mc/sec is ~ 0. 1 OK. ex rapo a e va ue 0 R 
Shklovsky (1960) arrived at essentially the same value 
from extra- galactic source counts . 
o 
Field used a somewhat higher value of 0 . 4 K 
based on earlier work of Piddington and Trent (1956) . As 
far as the calculation of T s 
is concerned , the change in T s 
is not significant as the contribution due to TR is overshadowed 
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by the other terms in equation (4.3). 
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4. 3 Evaluation of '[ • 
c-
~, the contribution to T due to collisions, 
c s 
is a function of the electron density, hydrogen atom density 
and kinetic temperature . The component of it which is due 
only to atom- atom collisions , (~c)H' is negligibly small for 
- 5 I 3 any likely intergalactic atom densities; for ~ ~ 10 atoms cm 
and TK "'" 10
4 
oK, ( "r:C)H is only a ~w hundredths of a degree . 
Consequently, ( 'C c)H never can contribute significantly to Ts 
and may be neglected in favour of, ( '7: ) , the component of 
c e c 
due to electron- atom collisions . 
Field (1958) tabulated a function y In for 
e e 
TK ~ 104 oK from which ( T c) e may be calculated; 
= n • (y In ) e e e ••.• (4 . 5) 
( ~) as a function of electron density and kinetic 
c e 
temperature has been plotted in Figure 4. 2. 
• 
Figure 4. 2 - plot of the contribution to the spin temperature due 
to electron collisions , ~ , versus kinetic temperature , 
c 
TK, for a range of electron densities . 
Figure 4.3 - plot of the recombination co- efficient to all levels 
except 1s and 2p , a ' (T) as a function of kinetic 
temperature , TK• Also shown is the t otal 
recombination co- efficient to all levels and the 
function a ' (T) assumed by Field (1959 a) . 
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4. 4 Evaluation of (t a)R-
While (Ta)G was that component of ~a due to 
Lyman a photons generated by galaxies, (~ )R is the component 
of ~ due to Lyman a photons generated by recombination in the 
a 
medium. If the medium is completely neutral, (~a)R = 0 and 
then 't: = ( 'l:" ) = 1 0 K. If the medium is appreciably ionized 
a 0: G 
however (~a)R may be significant and must be calculated as a 
function of the electron density and the kinetic temperature . 
(~a)R is directly proportional to the number of 
recombination/cm3/sec, (na)R. Field (1959a) has calculated 
the constant of proport i onality in Appendix A of that paper 
and for H = 75 km/sec/ Mpc; 
= 3 1023 ( . ) 01 x . no: R 
The number of recombinations/cm3/sec in a 
macroscopically neutral medium is; 
= a (T) • n 2 e 
•••• (4 . 6) 
where o: (T) is the recombination co- efficient . Since atoms which 
recombine to the 1s and 2p states do not result in the emission 
of Lyman a photons, the relevant recombination co-efficient 
here is the total recombination co-efficient to all other 
states, which will be designated a'(T) . 
Field used a value of a f (T) which was correct at a 
" 
10S 
4 0 . kinetic temperature of 10 K and wh~ch approximated a'(T) 
for lower values of TK by assuming a'(T) was proportional 
t T - O. S oK ' Spitzer (1962) has tabulated a parameter from 
which aCT), the total recombination co-efficient may be 
calculated over a range of TK from 1. 6 x 102 
From the work of Boardman (1964) , at TK,.... 10
4 
oK and higher . 
o K, captures to 
the ground state represent about 50% of all captures . At 
TK t"V O oK , this percentage has risen to So%. Captures to the 
2p level are small over this entire range since they represent 
only about 10~ of 1s captures and will be ignored. In order 
to make sure that a'(T) is at least an over- estimate, it will 
be assumed that between 1 OK and 104 OK, 50~ of all captures 
are to levels other than 1s and 2p . a'(T) has been plotted 
in Figllre 4. 3 for 1. 6 x 10c < T < 104 OK from the parameters K 
given by Spitzer (ibid) and with the above assumptions . For 
TK < 1. 6 x 102 OK, the curve was extrapolated by eye . The 
errors incurred in doing this will be shown to be negligible . 
Also shown in Figure 4. 3 is Field's approximation to a' (T) 
o 
which is nearly an order of magnitude too large at TK = 1 K. 
Substituting the values of a'(T) in equation (4 . 7) 
and (4.6), the value of (~a)R as a function of electron density 
and kinetic temperature has been plotted in Figure 4. 4. 
" 
• 
Figure 4. 4 - plot of the contribution to the spin temperature due 
to recombinations, (~ ) versus the kinetic temperature, 
a R 
TR, for a range of electron densities . 
Figure 4. 5 - plot of ~he spin temperature, T , of atomic neutral 
s 
hydrogen in intergalactic space as a function of 
electron dpnsity , n
e
, and kinetic temperature, T
K
• 
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4. 5 T in the Intergalactic Medium 
- s -
Having revised Field ' s original values for 
(~)G' (~a)R and TR, their new values may be substituted in 
equation (4 . 1) to determine the spin temperature, T • 
s 
T plotted for a range of electron densities and kinetic s 
temperatures is shown in Figure 4. 5. 
Over the entire range of densities of practical 
interest , L contributes negligibly to T . At low electron 
c s 
densi ties , T "" (~ )G and as the electron density rises , 
s a 
Ts is dominated by (~a)R. At low kinetic temperatures where 
(~a)R is large compared to (~a)G' Ts ~ TK• Consequently the 
uncertainty in (~a)R for T < 160 OK is not serious . At higher 
kinetic temperatures, Ts - (~a )G + (~)R which reduces to 
Ts ~ (~a)R· At these temperatures, (ra)R is accurately known 
so that T is fairly precise . 
s 
" 
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4. 6 
While it is not difficult to evaluate T for 
s 
kinetic temperatures greater than 104 oK, it is first worth 
considering whether it is necessary . It is well known that at 
kinetic temperatures of ~ 104 oK , HI becomes collisionally 
ionized. If the medium is essentially completely ionized 
for TK > 104 oK , there is no need to calculate Ts . Davies (1964) 
has however estimated that at TK ~ 109 oK, the medium is only 
90% ionized and in that case T is worth calculating because 
s 
there is some hope of detecting the 10% of HI remaining o It 
will be shown here that Davies' (ibid) estimate is completely 
erroneous and that the medium becomes practically completely 
ionized very rapidly for TK ) 104 oK . 
I~ will be assumed that the medium is in thermodynamic 
equilibrium and that it is composed solely of hydrogen atoms , 
protons and electrons . It will also be assumed that the 
only processes of importance in the medium are those of 
collisional ionization and recombination . 
The rate of eollisional recombination has been 
avaluated before but here recombinations to all levels will 
be considered. As before , the number of recombinations/cm3/sec 
is given by; 
•••• (4 08) 
where ne is the electron density and ~(TK ) is the total 
recombination co- efficient . 
The rate of collisional ionization, n. 
~on 
ionizations/cm3/sec, is given by ; 
n. = ll.. < n • v • cr. > ~on tl e e ~ 
where ~ = hydrogen atom density 
111 
.... (4 . 9) 
0". 
~ = 
cross- section for ionizing electron- atom collisions 
and v = the electron velocity relative to the atoms . 
e 
The triangular brackets indicate the average product over all 
energies . It has been assumed that atom- atom ionizing 
collisions are negligibly rare compared to electron- atom 
collisions . 
Equation (4 . 9) may be re- written ; 
•••• (4. 10) 
where ~(TK) is defined as the ionization co- efficient . 
If only these two processes are of importance and the 
medium is in equilibrium , n = n and the atom/electron 
rec ion 
density ratio is given from equations (4 . 8) and (4 . 10) ; 
~(T ) has been calculated by many authors so that 
K 
it is only necessary to calculate ~(TK) to determine ~/ne as 
of 
• 
TABLE 4.5 - computed iOnization coefficients 
as a function of kinetic temper-
ature . 
Temperature ~ (T) computed ~(T) from ~(T) Bronshkin / 
o K Bronshkin (3(T) 
computed 
1 < 10-47 
10 < 10-47 
102 < 10-47 
103 < 10-47 
104 6.10 x 10-16 1.14 x 10- 15 109 
105 3.76 x 10- 9 4.47 x 10 - 9 1.2 
106 2.02 x 10- 8 3.11 x 10- 8 1.5 
107 8.80 x 10- 9 
• 
Temper-
ature 
~ / ne 
TABLE 4.6 - ratio of neutral to ionized 
hydrogen at various kinetic 
temperatures. 
3 4 4 4 5 10 10 2x10 3.2xlO 10 
35 2 
-1 
-3 
-5 > 10 7.5x10 1.2x10 2.9x10 2.1x10 
6 7 
10 10 
-7 -a 
3.9x10 5.4x10 
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a function of temperature . 
~(TK) is approximated by the integral over all 
energies, E; 
•••• (4 . 12) 
if the majority of the electrons are thermal . The approximation 
occurs because the electron velocity relative to the atoms 
was assumed to be (7.§j~ which is not true at relativistic 
electron energies o The exact formula to use for ~JE) is not 
known since the theoretical expression for it is not exactly 
confirmed by experiment . For our purposes , it was considered 
sufficient to use the theoretical r elationship for ~ (E) given 
by Allen (ibid) to obtain at least order of magnitude estimates 
of ~(TK) . Equation (4 . 12) was integrated numerically and a 
range of values of ~(TK) is tabulated in Table 4. 5. 
Also shown in Table 4. 5 are the calculated values 
of ~(TK) for 104 ~ TK ~ 106 computed by Bronshkin (1964) 
using experimental values of Iri (E) . The good agreement 
between his values and those determined using the theoretical 
values of ~i (E ) indicate that our figures may be used with 
some confidence over the larger temperature range . 
Using the values of ex (TK) determined as in ~ 4. 4, 
nR/ne is shown as a function of temperature in Table 4. 6. 
There is a critical temperature, T , very near 
c 
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4 0 . I 2 x 10 K at whlch ~ ne = 100. Around this value, ~/ne 
varies very rapidly with temperature so that for TK < T c ' 
the medium is essentially completely neutral and for TK ) Tc' 
the medium is essentially completely ionized. 
If there were some additional ionizing mechanism at 
work in the medium, such as the presence of cosmic rays, there 
might be appreciable ionization even for TK < Tc . It is clear 
however , for TK > Tc' the medium is always nearly completely 
ionized. 
Davies' (ibid) estimate of a much larger ~/ne 
for TK - .10
9 oK was f th t · ul f th' al t - or e par lC ar case 0 e lnterg ac ic 
medium as predicted by the "hot " steady-state universe of 
Gold and Hoyle (1959) . In this theory , neutrons are being 
continuously created and by spontaneous decay, give rise to 
a medium containing very energetic protons and electrons . If 
the medium is in a state of thermodynamic equilibrium, our 
analysis is valid and n In is much smaller than that predicted 
H e 
by Davies . It will be shown below that thermodynamic 
equilibrium does, in fact, exist . 
The electrons and protons resulting from neutron 
decay nave average energies of -.; 400 kev (Robson , 1951) . 
The cross- section for elastic collisions between protons and 
- 16 2 f th 400 kev electrons is -.; 10 cm . The velocity 0 ese 
10 I 
electrons is close to the velocity of light , 3 x 10 cm sec 
,t 
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and according to the steady- state theory, the particle density 
of the medium is '" 1 0- 5 /cm3• The mean time, t , between 
c 
elastic electron- proton collisions is given by; 
1 t = 
c n . v . ere p e 
where n = proton density p 
v = electron velocity 
e 
•••• (4. 13) 
and = cross- section for 400 key electron-proton elastic 
collisions . 
- 10 3 Using the figures above, t '" 3 x 10 sec or ,.., 10 years . 
e 
The mean time between such elastic collisions in every cm3 
of the medium is just t divided by the mean electron density 
e 
(assumed to be ..... 10- 5) which is ,.., 108 years . There is, 
therefore, one elastic electron- proton collision in every cm3 
8 
every 10 years on an average . For a Hubble constant of 
75 km/sec/Mpc, a new neutron is created in that cm3 every 1016 
years . Consequently, many elastic encounters take place before 
new energetic protons and electrons are created and the medium 
is in a state close to thermodynamic equilibriumo 
Similar calculations show that for any steady-state 
universe in which the created particles have energies larger 
than that corresponding to a kinetic temperature of 
~ 2 x 104 OK, the medium will be in a state close to thermodynamic 
" 
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equilibrium. Consequently , the neutral atom/electron ratios 
shown in Table 4. 5 will apply . 
116 
4. 7 Spin Temperature in Clusters of Galaxies . 
The presence of nearby galaxies in a cluster of 
galaxies does not change T compared to non- cluster space 
s 
because galaxie~ do not emit appreciable radiation near 1216 io 
It was shown in ~ 4 . 11 that our own galaxy emits practically 
no radiation for ~ 6 j around 1216~. Studies of the HI 
content of galaxies by Epstein (1964) indicate that the total 
HI mass of galaxies is ~109 M0 regardless of type . Consequently , 
it would be expected that all galaxies would show a similar 
absorption line at 1216 i as that of our own galaxy . Because 
of this , (~a)G would not be increased in a cluster of galaxies . 
The other contributions to Ts ' (Ta)R and TR, would also not be 
different in a cluster of galaxies compared to non- cluster 
space . 
The values of T in a cluster of galaxies would 
s 
thus be the same as in non- cluster space as given in the 
previous section unless , of course , if the cluster contains a 
radio source, where for a few kiloparsecs round the sourc~Ts 
would be of the order of TRo 
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CHAPI'ER FIVE. CONCLUSIONS . 
5. 00 Clusters of Galaxies 
Neutral Hydrogen in the Virgo Cluster 
a) General 
Neutral atomic hydrogen at a velocity similar 
to that of the mean velocity of the galaxies in the Virgo 
cluster was observed in the spectra of Virgo A and 3C273 . 
Since the radio source 3C273 is certainly well beyond the 
Virgo cluster, there can be little doubt that the observed 
absorption profile is due to HI in the Virgo cluster . The 
absorption profile in the spectrum of Virgo A however may 
be partially due to HI in the radio galaxy itself since the 
veloci ty of recession of M 87 is very similar to the 'reloci ty 
of the absorption profile . 
Typical galaxies have HI masses of ~ 109 M0 which, 
at least for spiral galaxies, is independent of galactic type 
(Epstein, 1964) . Robinson and Koehler (in preparation) have 
recently determined the 
in the Virgo cluster as 
HI masses of two elliptical galaxies 
8 
- 6 x 10 MG ' They have also placed 
an upper limit of 2 x 108 Me of HI fo r two Sa galaxies in 
the cluster . It is reasonable to assume that M 87 contains 
less than 109 \ of HI ' 
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According to Lequeux (1962), the core of Virgo A 
consists of two components 23" in size separated by 3111 . At 
a distance of 12 . 5 Mpc (Holmberg , 1964) , these components 
have a linear size of 1. 4 kpc and for simplicity the two 
components can be regarded as a single spherical source 
2 kpc in diameter. from the observed brightness temperature 
at 21 cm , the surface brightness of this source would be 
~ 2 x 105 OK . The contribution of the halo will be neglected o 
It will be assumed that the hydrogen distribution 
in NGC 4486 is spherically symmetrical about the core of 
the radio source and that the hydrogen atom number denSity, 
nCr) , is given by ; 
nCr) = 
n 
o 
2 
r 
•••• (5 . 1) 
The discontinuity at r = 0 has no effect on our computations 
since inside a radius of kpc (in the core of the source) , 
the hydrogen must be completely ionized . From the observed 
surface luminosity distribution of globular clusters and 
elliptical galaxies , nCr) would be expected to decrease 
much more rapidly than r - 2 so that the use of equation (5 . 1) 
will result in an overestimate of the optical depth. It will 
be assumed that the radius of NGC 4486 is 10 kpc (Allen , 1963) 
and that nCr) = 0 for r ) 10 kpc . 
Outside the sphere of the radio source , it will be 
,f 
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assumed that the ionization due to energetic electrons and 
UV radiation from the source is negligible. This assumption 
will again make the deduced optical depth an over- estimate . 
In the vicinity of the radio source , the spin temperature of 
the HI wi ll be determined largely by the radiation temperature 
- 2 which will vary approximately as r • The spin temperature 
inside NGC 4486 but outside the radio source , T (r), may be 
s 
approximated by ; 
T (r) 
s 
for r > 1 kpc . 
= 
2 x 105 
2 
r 
•••• (5 . 2) 
The constant n in equation (5 . 1) is evaluated by 
o 
~ 9 
making the total HI mass inside a radius of 10 kpc ,.., 10 MO. 
The m an value of (NH/Ts)NGC 4486 ' seen in a column extending 
from the surface of the source outwards is then given by ; 
= J~) dr 
, ~c. 
Substituting equations (5 . 1) and (5 . 2) into equation (5 . 3) 
results in; 
= 
16 2. 4 x 10 / 2 0 atoms cm K 
This value may be compared to the observed quantity of 
•••• (5 . 4) 
1. 0 x 1019 atoms/cm2 OK . Thus even a gross over- estimate of 
the expected optical depth due to ~ in NGC 4486 results in a 
, f 
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quantity which is negligibly small compared to the observed 
optical depth. It may be concluded therefore that the 
observed absorption profile is due entirely to E1 outside 
NGC 4486 . 
b) Ionization and Kinetic Temperature Limitso 
In q 4. 6 , it was shown that collisional ionization 
becomes complete at kinetic temperatures greater than about 
2 x 104 OK . Since neutral hydrogen was in fact observed , it 
is clear that the kinetic temperature must be less than 
2 x 104 OK. 
From the observed upper limit to the emission 
temperatures of the Virgo cluster HI' an upper limit to the 
spin temperature of the HI was determined to be 3 OK (Table 3011) . 
o Since spin temperatures greater than 1 K are a result only 
of the presence of free electrons and protons in the medium, 
the upper limit to the spin temperature may be used to 
determine an upper limit to the electron density by referring 
to Figure 4. 5. 
On the basis of the above restrictions , the possible 
domain of the medium in the electron density - kinetic 
temperature plane is shown cross- hatched in Figure 5. 1. 
Purely on the basis of the observations , no further restrictions 
may be made and all pOints in the cross- hatched area are 
equally possible . However in ~ 4. 6 , it was also mown that , 
of 
Figure 5. 1 - limiting values of electron density and 
kinetic temperature in the Virgo c l uster 
of galaxi es as determined from Figure 4. 5 
wi th the experimental upper limit to the 
spin temperature . 
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if there were no sources of radiative ionization, the electron 
density in the medium would be negligible for kinetic temperatures 
of less than 2 x 104 oK. This would be expected to be the 
case in the Virgo cluster since normal galaxies do not emit 
much radiation at wavelengths shorter than the Llfman limit . 
o Since the spin temperature approaches 1 K for electron 
densities of ~ 10-7 electrons/cm3, over the range of kinetic 
4 0 temperature less than 2 x 10 K, 
kinetic temperature of 2 x 104 oK , 
T = 1 0 K. At the singular 
s 
collisional ionization 
might result in an electron density as high as 5 x 10-6 electrons/cm3 
° and the corresponding spin temperature would be less than 3 K. 
If it were assumed that some unknown ionizing agent 
were present in the medium, over the range 3 oK < TK ( 2 x 104 oK , 
the electron density is limited to ~ 10-6 atoms/cm3 and the 
total mass of the protons and electrons cannot be much more 
than comparable to the total mass of the HI . 
c) The Large Scale Distribution and Total Mass of HI_ 
in the Cluster. 
The observed absorption features in the spectra 
of Virgo A and 3C273 give columnar densities in their directions . 
The actual mass of the HI depends on the radial density 
distribution and the radius of the cluster. The data may 
be used to determine the radius if radial density distributions 
are assumed . 
, 
,. 
, 
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Calculations of total mass will be made on the 
basis of three models ; a homogeneous sphere , a s phere with 
a Gaussian radial density distribution and the radial density 
distribution of an Emden iso- thermal self gravitating gas 
sphere . It is required that t hese models fit the observations 
in that the columnar denSity of HI in the line of sight of 
3C273 is 0. 65 times the columnar denSity of HI in the line 
of sight of Virgo A. The projected radial distance from 
Virgo A to 3C273 is 2. 3 Mpc on the basis of a distance to 
Virgo A of 12 . 5 Mpc . 
I The Models 
(i) Homogeneous Sphere of Radius R 
an at0m 
For a homogeneous sphere of radius R, and with 
density, n , the number of atoms/cm2, N(r), seen in 
o 
a column through the sphere at a projected distance, r , from 
the centre is given by; 
2 
- r •••• (5 . 5) N(r) = 
The total HI mass , ~ , in the sphere is simply ; 
~ 4 ~ R3 r no = 3 •••• (5 . 6) 
where \ = 1. 66 x 10 - 24 gms/atom. 
" 
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(ii) S h P ere with a Gaussian Radial Density 
Distribution 
If the atom density nCr) , at any point a distance, 
r, from the centre of the sphere is; 
nCr) = n e 
o •••• (5 . 7) 
the number of atoms/cm2 , N(r) , seen in a column through the 
sphere at a projected radius , r , from the centre is given by; 
N(r) 
The total mass of the HI ' MT' is then; 
= n 
o 
(iii) Emden Iso- thermal Gas Sphere 
•••• (5 . 8) 
The density distribution , nCr) , for an Emden 
iso- thermal sphere has been tabulated by Zwicky (1958) . This 
distribution is shown in Figure 5. 2 plotted in arbitrary units . 
Zwicky (ibid) has also given the projected radial columnar 
density distribution, N(r), which is shown in Figure 5. 3. 
The total HI mass of such a sphere is infinite so that the 
sphere must be assumed to terminate at some limiting radius . 
II The Data 
The projected columnar densities for all three 
models have been plotted as a function of projected radius in 
" 
• 
Figure 5. 2 - density versus radius distribution for an Emden 
self gravitating iso-thermal gas sphere o 
Figure 5. 3 - projected density versus radius distribution for an 
Emden self gravitating iso- thermal gas sphereo 
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TABLE 5.1 - densities and total masses of HI 
in the Virgo cluster on the basis 
of three models. 
Dimension Value Central Density 
(~c) (atoms/cm3) 
Homogeneous R 3 1.08 x 106 
Gaussian a 3.5 1.04 x 10-6 
Emden 0. 1 1.07 x 10- 6 
Total Mass 
(~) 
3.0 x 1012 
6.1 x 1012 
2.1 x 10 12 
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Figure 5. 4. By adjusting the scale so that the relative 
columnar densities of 0. 65 cOincide for r = 2. 3 Mpc, it is 
possible to determine R for the homogeneous model, a for 
the Gaussian model and what Zwicky calls the "structural index", 
~, for the Emden model . 
From the determined values of R, a and ~, assuming 
o 
a homogeneous spin temperature of 1 K, the central density 
for each model can be calculated from the Virgo A value of 
the columnar density, N(o) . 
Finally, the total masses may be calculated . In 
the case of the Emden model, the integration was done numerically 
with a radius terminated at 10 Mpc . At this radius, the 
- 2 densi ty is ,.., 10 of the central densi tyo 
The quantities mentioned above are tabulated in 
Table 5. 1. The range of masses varies from a minimum of 
2 x 1012 M for the Emden model to a maximum of 6 x 1012 M o 0 
for the Gaussian model . 
d) Stability of the Cluster 
The Virial Theorem states twice the kinetic 
energy of any self- gravitating systemamnot exceed the potential 
energy of the system if the system is to remain stationary 
or collapse . It is well known that clusters of galaxies in 
general do not satisfy the Virial Theorem. In this section, 
the potential and kinetic energy of the HI will be estimated 
· .... ;. 
Figure 5. 4 - projected density versus radius distribution 
for the three spherically symmetric models 
of the HI distribution in the Virgo cluster 
of galaxies . 
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TABLE 5.2 - MIL ratios and relative numbers 
of galaxies in the Virgo cluster. 
Type M/L Relative Number 
E 50 0.34 
Sa 30 0.22 
Sb 10 0.22 
Sc 5 0.22 
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along with that of the galaxies in the cluster . 
It will be assumed that the mass to luminosity ratios 
of galaxies are those given in Table 5. 2. These numbers are 
uncertain by at least a factor of two . Also shown in Table 5. 2 
are the relative frequencies IDf each type of galaxy from 
de Vaucouleurs (1961) . Dwarf galaxies have been omitted as 
their total contribution to the kinetic and potential energies 
is small (Oort , 1958) . From Table 5. 2, an average galaxy has 
a M/L ratio of 25 . In the Virgo cluster , there is a sommvhat 
higher percentage of elliptical and SO galaxies than in 
general field galaxies but the difference is not as marked as 
in other clusters of galaxies . For the Virgo cluster , a mean 
value of M/L of 30 will be adopted . 
The exact value of the radial velocity dispersion 
of the galaxies in the Virgo cluster is a much debated question . 
A value of 650 km/sec will be adopted (van den Bergh, 1960 ; 
Holmberg , 1961a) . A radial velocity dispersion of 650 km/sec 
corresponds to a true internal velocity dispersion of 
1 . 1 x 103 km/sec . The radius of the cluster as defined by 
the galaxies will be taken to be 4. 50 corresponding to a 
linear radius of 1 Mpc (Oort , 1958) . According to Limber (1961) , 
the c l uster contains 500 members . If it is assumed that these 
member galaxies have an average absolute magnitude of - 18. 9, 
for an average M/L ratio of 30, an average galaxy has a mass 
, 
, 
. . 
Body 
• 
Galaxies 
HI 
TABLE 5.3 - potential and kinetic energies of 
the galaxies and the HI in the 
Virgo cluster • 
Radius Mass Velocity Kinetic Energy (Mpc) (M€») Dispersion (ergs) 
(lan/sec) 
1.0 1.6x10 13 1.1X103 4.4xlO 62 
3 .0 3.0xlO 12 3.8xlO 2 4.4x106O 
Potential 
Ener:) (ergs 
3.3x10 61 
1.7x1059 
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The total kinetic energy of the galaxies , (K • E. )G' 
is given by ; 
= N. 1 2 
- 2 M • v g •••• (5.10) 
where N is the number of galaxies, M is the average mass of g 
the galaxies and v is the true internal velocity dispersiono 
If the galaxies were homogeneously distributed 
within a sharply bonded sphere of radius C, the total 
potential energy of the system, (P. E. )G' is given by; 
•••• (5 . 11) 
where r is the graVitational constant. The error incurred 
by ~suming a homogeneous galaxy distribution is not intrinsically 
large and in view of the much larger errors caused by 
uncertainties in N, R and M , it is negligible . g 
Equation (5.10) and (5 . 11) may also be used to 
calculate the kinetic and potential energy of the HI except 
that the radius of the HI is 3. 0 Mpc and the total HI mass is 
3 x 1012 Me from Table 5. 1. The observed radial velocity 
dispersion in the direction of Virgo A is 22e km/sec 
corresponding to an internal dispersion of 380 km/sec . 
The calculated values of the kinetic and potential 
energies of the galaxies and the HI are shown in Table 5. 3. 
" 
I 
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It may be seen that the potential energy of the H is 
I 
insignificant compared to the kinetic energy of the galaxies . 
It was noted before that the density of protons and electrons 
co- existing with the HI was limited to about 5 x 10- 6 /cm3 so 
that the total ionized hydrogen mass could not be more than 
five times the total HI mass . Therefore even if this upper 
limit were accepted, the potential energy of the gas would 
still remain negligibly small compared to the kinetic energy 
of the galaxies . It may be concluded therefore t at the 
addition of the observed HI and a possible ionized component 
does not appreciably alter the apparent instability of the 
system as given by the Virial Theorem . 
If the upper limit to the electron density is 
accerted, the ratio of kinetic to potential energy of the 
gas is somewhat lower than for the galaxies . There is a 
suggestion from both the velocity difference between the 
Virgo A and 3C273 profiles and fr om the profile widths that 
large scale motions of the HI such as rotation are present . 
In that case, the K . E . /~ . E . ratio for the gas and the galaxies 
might be similar. In any ~se , the ratio is at least comparable . 
If this applies as a general rule to all separate components 
of mass in the Virgo cluster , it is clear that the discovery 
of an additional mass component would not necessarily increase 
the stability of the cluster . 
I ~ 
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e) Small Scale Distribution of the H! in the Cluster . 
The observed width of the absorption profiles 
cannot be due to purely thermal motion since that would imply 
kinetic temperatures of ,.., 107 oK. The large observed width 
must be a consequence of a distribution of sub- units each 
with an internal velocity dispersion consistent with a 
kinetic temperature of less than 2 x 104 OK and a velocity 
dispersion among the sub- units consistent with the observed 
profile width. 
The line width of an individual "cloud" could be 
permitted by the limit to the kinetic temperature to be as 
high as 30 km/sec . It is unlikely to be as high as this for 
reasons which will become apparent later but mass motions such 
as rotation would increase t he line width. The figure of 
30 km/sec will be ado pted as a reasonable estimate of t he 
line width of an individual cloud. 
As the observed total line profile shows little 
structure , there must be more than ten of these average clouds 
in the 3 Mpc line of sight from the cluster boundary to M 87. 
The average separation of the clouds is then 6 300 kpc . 
As the cooling time for low density HI clouds is 
very long (Takayanagi and Nishimura, 1960) , it may be 
postulated that collisions between clouds occur rarely . 
- 4 
Even for atom densi ties within the clouds of - 10 atoms/cm
3 
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and given a molecular hydrogen density much greater than the 
hydrogen atom density , it is difficult to obtain a cooling 
time of le ss than "" 1 09 years . Consequently , it may be 
assumed that a cloud is not likely to undergo a collision 
more oft en than once in "" 1 0 1 0 years . 
by ; 
The mean time between collisions, t , is gjven 
c 
1 
t = 
c 2cr-. v • n 
c c c 
••..• ( 5. 12) 
where ~c is the average geometric cross- section of a cloud, 
v is the average cloud velocity and n is the number dens i ty 
c c 
of the clouds . Since v is known and upper limits to n 
c c 
and t were determined in the preceeding paragraphs , 
c 
equation (5 . 12) may be solved to determine ~ and hence 
c 
determine an upper limit to the size of the clouds . This 
results in a linear dimension of the clouds of less than 100 kpc . 
From the observed mean smoothed out density of the 
HI in the clouds of rv 10- 6 atoms/cm3, the average density in 
a cloud may be determined to be ~ 3 x 10- 6 atoms/cm3 and 
L- 8 the average mass of a cloud is thus 10 M0 • 
Although these estimates are only order of magnitude , 
it seems clear that the clouds cannot be regarded as proto-
galaxies which would be expected to have a considerably 
larger masses . 
: 
.' 
130 
The Fornax Cluster 
a) ~HI Mass of the Fornax Cluster 
It has been shown in Appendix A that the field 
in the vicinity of NGC 1316 is devoid of Fornax cluster galaxies . 
While this does not necessarily mean that NGC 1316 is not a 
,physical member of the cluster (NGC 1316 may have a very 
elongated orbit), it does appear that NGC 1316 is well 
outside the boundary of the cluster defined by cluster galaxies . 
The absence of a cluster absorption feature in the spectrum 
of Fornax A confirms this opinion. 
It is however still possible to make some crude 
estimates of the upper limit to the HI mass of the Fornax 
cluster by conSidering two possibilities. In calculating 
the masses, it will be assumed that phYSical conditions in 
the cluster medium are similar to those in the Virgo cluster 
so that the spin temperature is _ 1 0 K and that the proton 
and electron mass is not much greater than the ~ mass . 
I . The Fornax cluster may , like the Virgo cluster, 
have an H distribution with a much larger radius than that 
I 
of the galaxies . In that case, it is possible that NGC 1316 
is still inside the HI defined cluster boundary so that an 
HI absorption feature is in fact present in the spectrum of 
Fornax A but is too small to have been detected . 
As NGC 1316 is a projected aistance of 1. 5 Mpc from 
.... 
" 
131 
the centre of the Fornax cluster , it will be assumed that the 
HI boundary extends out as far as , say , ~ 2 Mpc . It will 
be assumed that NGC 1316 lies in a plane passing through 
the centre of the c l uster perpendicular to the line of Sight . 
This model is illustrated in Figure 5. 5. 
The distance , a , occupied by cluster ~ in the line 
of sight is 1. 3 Mpc . From the observed limit to Fornax 
cluster absorption , NH < 1018 atoms/cm2 and the mean denSity 
along the column of length, a , is then < 2. 5 x 10- 7 atoms/cm3• 
The total HI mass , assuming this average density throughout 
the sphere inside a radius of 2 Mpc , is then < 2 x 1011 M0• 
For larger assumed radii of the HI sphere , the total mass 
varies very approximately , as the square of the assumed radius o 
II . NGC 1316 may be outside the boundary of the 
cluster even as defined by any HI in the cluster . Assuming 
that NGC 1316 and the centre of the Fornax c l uster are 
approximately co- planar perpendicular to the line of Sight , 
a limit to the radius of the HI mass may be determined . 
With a projected distance of 1. 5 Mpc from the 
cluster centre , it is probable that Fornax A is less than 
2. 1 Mpc from the centre of the cluster radially . If the 
average HI density inside a radius of - 2 Mpc is the same 
as for the Virgo cluster (Table 5. 1) , ~ 10- 6 atoms/cm3, 
~ 1012 M0 ° the total HI maSS of the Fornax cluster is 
." 
Figure 505 - schematic representation of the relation 
of NGC 1316 to the Fornax cluster of 
galaxies . 
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The emission observations of the Fornax cluster 
provide another limit to the projected HI denSity through 
the centre of the cluster of 4 x 1019 atoms/cm2• If the 
distance along the line of sight through the centre of 
the cluster is ~ 4 Mpc , the average mean atom density 
is ~ 3 x 10- 6 atoms/cm3• The total HI mass inside the 
cluster of radius 2 Mpc is then 6 3 x 1012 M0• 
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b) Estimate of the Total Mass of Galaxies in the Fornax 
Cluster 
Very little work has been done on the galaxies 
in the Fornax cluster and the photometric data are particularly 
scanty. However , a very approximate figure of the total mass 
of the galaxies may be calculated on the basis of the galaxy 
counts in Appendix A. 
The membership of the Fornax cluster appears to be 
predominantly of the E and SO types with rather low absolute 
luminosities . From an examinat ion of the galaxy counts in 
Appendix A, the total membership of the cluster comprises some 
40 galaxies which are , wit only half a dozen or so exceptions 
much fainter than 13th magnitude . The ~otal luminosity of the 
galaxies in the cluster may be regarded as equivalent to , 
say , ten galaxies of 13th magnitude , which at t he distance 
of the Fornax cluster is equivalent to an absolute magnitude 
of - 19 . With a mean mass/luminosity ratiO of 50 (see 
" 
Table 5. 2) , each of these galaxies then has a mass of 
~ 3 x 1011 M0• The total mass of the galaxies in the 
12 cluster is thus ~ 3 x 10 M0• 
c) Potential Energy of the HI and Galaxies . 
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The upper limit to the HI mass is only comparable 
to the mass of the galaxies . Since the HI w~ as sumed to be 
distributed over a larger radius than that of the galaxies , 
the potential energy of the HI is clearly much less than 
that of the galaxies . Therefore , in any possible futUre 
discussion of the stability of the Fornax cluster , the HI 
would be expected to play only an insignificant r ole as it 
does in t he Virgo cluster . 
of 
134 
General on- Cluster Intergalactic HI~ 
5 . 11 Comparison with Previous Results . 
The upper limit to the general intergalactic 
HI emission temperature of 0. 2 oK is very similar to that of 
Goldstein (private communication) . 
The optical depth of the general intergalactic HI 
observed in absorption in the spectrum of Fornax A was 
( +) - 4 24 - 9 x 10 • This value does not contradict the previous 
upper limit of Field (1962) ; 25 x 10- 4 b~t it does not agree 
with the upper limit of 9 x 10- 4 of Davies and Jennison (1964) . 
Davies and Jennison obtained their limit from 
differential frequency measurements of the spectrum of Cygnus A 
at frequencies in the vicinity of 1342 and 1420 Mc/sec . Over 
small frequency intervals at these frequencies , it appears 
that they compared the profile to be expected from general 
intergalactic absorption with essentially ~ differential 
frequency scan and computed the errors only on the basis of 
the disagreement between the "expected" an ' the observed 
profile . Quite apart from the fact that the actual absorption 
profile might be different from their "expected" profile , 
the process of comparison is invalid because it as sumes that 
the differential frequency scan is absolutely correct . In 
ot her regions of the spectra where the scans overlapped , the 
" 
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disagreement between the same pOints on different scans 
suggest that the r om. s . error (in optical depth) of each 
pOint was - 2 x 10- 3• Since the shape of the profile is 
not , a priori, known, the upper limit to the absorption can 
only be determined by the upper limit to anyone point . In 
the absence of their complete data, it is difficult to say 
exactly what the upper limit to the optical depth should be 
but it does appear that their value is an under- estimate . 
It is , of course, possible that the distribution 
of general non-cluster intergalactic HI is not homogeneous 
throughout all space. For instance , if the "local super-
cluster" envisaged by de Vaucouleurs (1956) eXists, the 
apparent discrepancy between our results and those of Davies 
and Jennison (ibid) would not be unexpected since Fornax A 
is much closer to the equator of the super- cluster than 
Cygnus A. 
However , for the remainder of the calculations, 
it will be assumed that our result is correct and that the 
observed optical depth applies to all non- cluster intergalactic 
space . 
5.1 2 Conditions in the Intergalactic Medium. 
The fact that intergalactic HI is observed to 
exist limits the kinetic temperature of the medium to not more 
" 
than 2 X 1 04 oK. F ld () ie and Henry 1964 have considered 
the limiting electron densities of the medium comparable 
with the observed background brightness of tne sky at 
various wavelengths . They consider that, for kinetic 
temperatures of ~ 104 oK or less , a limit is set by the 
observed 100 Mc/sec brightness temperature such that , for 
a steady-state universe ; 
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Equation (5 . 13) was obtained by extrapolating the line shown 
in Figure 3 of their paper to lower kinetic temperatures . 
For an evolving universe , the situation is much more complex 
but generally , the same electron densities yield higher 
intensities so that n def ined in Equation (5 . 13) may be 
e 
taken as an upper limit valid for all universes . 
The observed upper limit to the general intergal actic 
HI emission temperature was 0. 2 oK . Since the observed optical 
depth was 2. 4 x 10- 3, the spin temperature of the HI is limited 
to 80 oK. o As spin temperatures greater than 1 K are a 
result of an ionized component in the medium, the limit Ts 
may be used to define an upper limit to the electron density 
by referring to Figure 405. 
These various restricting conditions have been 
summarized in Figure 5. 6 where the cross- hatched area in the 
ne - TK plane is the allowable domain. 
.I. , . 
.. 
: 
Figure 5. 6 - the allowable domain in the ne - TK plane for 
general intergalactic space o 
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5. 13 Densities . 
The HI density is obtained directly from the 
observed optical depth. The electron density however is not 
known and its upper limit is a function of the kinetic 
temperature . To determine the mass density of the 
intergalactic medium some assumption for the physical 
conditions in the medium must be made . The possible range 
of conditions can be conveniently divided into two broad 
classes ; 
Class I there are no ionizing mechanisms except 
that of collisional ionizationo The two sub- classes possible 
are ; 
a) n = 0, 0 ( TK< 10
4 OK , T = 1 OK . 
e s 
b) n ~ 4 x 10- 5 e l ectrons/cm3, T = 2 x 104 OK, T ~ 80 OK . 
e K s 
Class II the medium is partially ionized by some 
unknown mechanism. The upper limit to n is defined by the 
e 
upper envelope of the allowable domain in Figure 5. 5. The 
maximum value of n of 5 x 10- 4 electrons/cm3 occurs at a 
e 
kinetic temperature of ~ 80oK. 
electrons/cm3• 
n 
e 
~ 4 x 10- 5 
If it is assumed that general i ntergalactic space 
is made up of only hydrogen atoms , protons and electrons and 
that the medium is macroscopically neutral , the limiting 
mass densities for the above classes may be readily calculated. 
. . 
, ' 
TABLE 5.4 - mass density of intergalactic space given 
by the three models considered • 
Class Atom Atom Mass Electron Electron and Total Mass 
Density Density Density Proton Mass Density 
Densit~ 
(atoms/ (gm/cm3) (electrons/ (gm/cm ) (gm/cm3) 
cm3) cm3) 
I a) 1.1xlO-7 1.8x10-31 0 1.8x10- 31 
I b) ( 9x10- 6 < 1. 5x10-29 < 4x10- 5 < 6. 7xlO- 29 < 80 2x10 -2g 
II < 9x10- 6 <1.5x10-29 < 5X10-4 < 8.3x10- 28 - 28 < 8. 5x10 
These densities are shown in Table 5. 4. On the basis of 
the observations of general intergalactic HI alone , there 
is no way of deciding between the models . 
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5. 2 Discussion 
5. 21 General 
Since the density of galaxies is greater in 
clusters of galaxies than in inter- cluster s pace, it is 
reasonable to expect that the intergalactic medium might also 
be denser inside clusters of galaxies . For t he purposes 
of calculation, it might be postulated that the denSity 
ratio between space inside and outside clusters of galaxies 
is about an order of magnitude. 
For models of the inter- cluster medium of class 
I a where t e mean dens i ty i s 1 . 1 x 10- 7 atoms/cm3, this 
leads to a mean cluster denSity of 10- 6 atams/cm3; the 
observed denSity in the Virge cluster . 
If the inter- cluster medium were repres ented by 
models of class I b or II, the particle density inside a 
cluster of galaxies would be ~ 5 x 10- 4 particles/cm3• 
H clouds such as those in the Virgo cluster would be unlikely 
I 
to have a lower density than the surrounding medium so that 
- 4 / 3 the density in the clouds would be - 5 x 10 atoms cm • 
Since the mean atom denSity in the Virgo c l uster was 
~ 10- 6 at ows / cm3 and since the mean distance between clouds 
was determined to be ~ 300 kpc, the clouds would be limited in 
size to about 600 pc . However , the mean free path of an electron 
Particle 
Density 
, ' ~ 
cm-3 
10-3 
10- 4 
10- 5 
.. 
10-6 
10-7 
TABLE 5.5 - Diffusion lengt~s of 30 km/sec 
electrons in 10 years in HI 
clouds of various densities and 
sizes. 
Electron mean Mean time Diffusion length 
free path between in 109 years electron-atom 
collisions 
(parsecs) (years) (parsecs) 
4 6 x 104 6 x 102 
4 x 10 6 x 105 2 x 103 
4 x 102 6 x 106 6 x 103 
4 x 103 6 x 107 2 x 104 
4 x 104 6 x 108 6 x 104 
~ cloud 
size 
(parsecs) 
3 x 102 
3 x 103 
3 x 104 
3 x 105 
3 x 106 
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in the neutral medium inside a cloud with a density of 
5 x 10- 4 atoms/cm3 is 200 pc and the time for electrons 
with velocities of 30 km/sec (corresponding to 104 oK) to 
traverse the mean free path is only 3 x 106 years . Consequently 
in a very short time compared to the time of relaxation of 
the cluster of say 109 years , electrons from the medium 
surrounding each HI cloud would have diffused completely 
through the cloud contradicting the observational requirement 
that the electron density within a cloud is less than 
10- 6 electrons/cm3• This argument may be used to limit 
the electron denSity in the cluster medium . In Table 5. 5, 
the mean free paths of electrons and the limiting size of 
HI clouds has been calculated for various intergalactiC 
particle densities . Also sho.vn are the mean times between 
electron- atom elastic collisions (for electron velocities 
of 30 km/sec) and the approximate diffusion distance of the 
electrons in 109 years . It is clear that , in order to keep 
the mean electron density inside an HI cloud to less than 
10- 6 electrons/cm3, the particle density in the intergalactic 
medium must be less than ~ 10- 5 electrons/cm3 corresponding 
to a mean denSity outside the cluster of less than 
~ 10- 6 electrons/cm3• 
Of course , there may be no mean density difference 
between intergalactic space inside and outside clusters of 
" 
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galaxies . In that case , the mean density of inter- cluster 
space could be as high as _ 10- 5 elect rons/cm3 and the medium 
would be represented by models of class I b and II . However , 
it is difficult to imagine why clusters of galaxies should 
be characterized by neutral regions in a medium which is 
ionized everywhere else . In both models of class I b and II , 
the high level of ionization must be maintained by some 
mechanism ; a mechanism which is kinetic for class I b and 
presumably radiative for class II . In either case , it would 
be expected that t hese machanisms would be more likely to be 
present inside a cluster of galaxies rather than outside . 
In summary , the model I a of the inter- cluster 
medium fits the observed characteristics of the Virgo 
cluster 'Very readily. Models I b and II are possible with 
the proviso that the electron density is likely to be less 
than __ 10- 6 electrons/cm3• If there is no mean density 
difference between space inside and outside clusters of 
galaxies , the density of the inter- cluster medium could be 
as high as _ 10- 5 elect rons/cm3 but this possibility seems 
qui te unlikely . 
5. 22 Mass Density and Comparison with Cosmological Models . 
According to Oort (ibid) , the mean smoothed 
ou t mass density of the luminous matter in the universe is 
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- 31 / 3 3. 1 x 10 gm cm . The mass density of the inter- cluster H 
is (for models of class I a) 1. 8 x 10-31 gm/cm3• The mass 
density of the HI in clusters of galaxies is somewhat higher 
but the total volume of space occupied by cluster is -- 10- 2 
of all space so that the contribution of cluster HI to the 
mean smoothed out mass of all HI is negligible . The total 
I 
mass density of the galaxies and the HI is thus ~ 5 x 10- 31 gm/cm3• 
The content of intergalactic space would be expected to be 
hydrogen in one form or another ; hydrogen atoms , protons and 
electrons or hydrogen molecules . It has already been shown 
that the ionized content of intergalactic space is likely to 
be low. The possible hydrogen molecule content of intergalactic 
space has been estimated in Appendix C on the assumption 
that ru1Y existing molecular hydrogen was converted to that 
form from primeval atomic hydrogen. On that basis it was 
shown that the molecular hydrogen content of intergalactic 
space is likely to be low compared to the content of atomic 
hydrogen . 
The density of an expanding universe with a 
cosmological constant , ~ , of zero is given by the equation ; 
•••• (5 . 14) 
where H is the Hubble constant , T' is the gravitational constant 
and q is the deceleration parameter . For H = 75 km/sec/Mpc , 
o 
" 
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equation (5 . 14) reduces to; 
- 29 ~ = 2. 06 x 10 qo 
The steady- state universe predicts a mass density which depends 
only on the Hubble constant and, again for H = 75 km/sec/Mpc; 
~ = 2. 06 x 10- 29 •••• (5.16) 
It may be seen that the mean smoothed out mass 
density obtained here, 5 x 10- 31 gm/cm3, does not agree with 
the theoretical value for a steady- state universe . For an 
- 2 
expanding universe , this density requires that q = 2. 4 x 10 • 
o 
It is well known that a small value of ~ removes 
many age difficulties since the age of the universe is then 
nearly the inverse Hubble constant ; 10 1. 3 x 10 years . 
Moreoever, Wielen (1964) has shown that Baum's (1961 b) 
photoelec~ric red- s ift - magnitude relationship, after 
rather uncertain corrections for stellar evolution have 
+ been made, results in a value of qo of 0 .1 - 0. 5. 
It may be noted that even if the mean electron 
- 6 / 3 density in intergalactic space were as high as 10 electrons cm , 
-1 q would be increased to only - 10 • 
o 
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5. 3 Summary 
The observational evidence indicates that the 
HI in the Virgo cluster is not sufficiently massive to 
significantly alter the apparent instability of the cluster . 
The total HI mass in the Virgo cluster is - 3 x 1012 Me and 
does not vary much for different assumed large scale 
distri bytions compared to a total galaxy mass of ,... 1013 M • o 
Similarly, crude estimates of the possible HI mass 
in the Fornax cluster suggest that the HI mass is not more 
than comparable to the mass of the galaxies . 
The small- scale distribution of the HI in the 
Virgo cluster was shown to be non- homogeneous and an upper 
limit to the size of the HI "clouds ll was determined to 
be 100 kpc . The upper limit to the mass of the individual 
8 
HI clouds was ~ 10 Me-
The observations of general non- cluster intergalactic 
HI do not rule out a very dense heavily ionized medium in 
which the HI is only a minor component . However , such a 
medium would be incompatible with the postulated cloud 
structure in the Virgo cluster . It is concluded that the 
intergalactic non- cluster medium is likely to be neutral and 
that the mass density of the medium is 2 x 10- 31 gms/cm
3
• 
If the universe were made up principly of luminous 
matter , hydrogen atoms , protons and electrons , the mean density 
I 
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of the medium would be 5 x 10- 31 gms/cm3• This value rules 
out steady- state models of the universe; the observed 
densit ies best fit an expanding mniverse model with a 
- 2 deceleration parameter of ~ 10 • 
-
" I 
" 
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APPENDIX A 
DISTRIBUTION OF GALAXIES NEAR THE FORNAX CLUSTER. 
A 1. Introduction. 
NGC 1316 is usually considered to be a member of 
the Fornax cluster of galaxies because its velocity of recession 
agrees well with those of three other galaxies which are certain 
members. NGC 1316 is however about 3.60 away from the densest 
portion of the cluster; a projected distance of 1.5 Mpc. If 
NGC 1316 is assumed to be at the distance of the cluster, because 
the cluster is sparse and because NGC 1316 is a giant elliptical, 
the mass of NGC 1316 must represent a significant portion of the 
total cluster mass. Consequently it might be expected that, if 
NGC 1316 were a cluster member, the Fornax cluster would show an 
extension in the direction of NGC 1316, or that NGC 1316 would be 
surrounded by a cloud of cluster material. 
A 2. Galaxy Counts. 
The Uppsala observer at Mount Stromlo, C. Roslund, 
very kindly took two plates for me with the f/4 Uppsala 20/26" 
Schmidt telescope. These plates were 3~ exposures on 103a-D 
emulsions with a GG 14 filter and were centred approximately at 
a 3h 3~, 0 _38.50 , and a 3h 3~, 0 _36.00 • The northerly plate 
centre is about halfway between the densest part of the cluster 
" 
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and NGC 1316. The southerly plate centre was chosen to provide 
o . 
about 2 of overlap ~th the northerly plate. The overlapping 
area of these two plates was about 6 square degrees. Negative 
reproductions of the plates are shown in Figures A.1 and A.2. 
All objects which appeared non-stellar on the plates 
were counted and assigned membership to a class depending on the 
density of the image measured by an iris photometer. The denSity 
of images on the two plates were normalized by comparing the iris 
values for all extended objects and a number of stars which were 
in the overlapping region of the two plates. The distributions 
of the galaxies and their luminosity class defined by iris values 
are shown in Figures A.3 and A.4. The faintest class, class 1, 
contains all faint extended objects on the plates and as well, 
one or t 0 fairly bright galaxies with a very low surface 
luminosi ty. Figures A.5 and A.6 are histograms of the number of 
galaxies in each class for the two plates. Galaxies in class 1 
occur in nearly equal numbers on the two plates and are uniformly 
distributed over the plates so that they are mostly undoubtedly 
background galaxies. The remaining galaxies may be regarded as 
belonging to the Fornax cluster of galaxies. From inspection of 
Figure A.3 , it is clear that most of the galaxies in t he Fornax 
cluster are located within about 10 from the centre of the cluster 
and that there is no marked extension of the cluster in the 
direction of NGC 1316. 
• 
Figure Ao1 - negative reproduction of an Uppsala Schmidt plate 
h m 0 
centred at a 3 30, 6 -3600 0 The exposure was 
35m on a 103a-D emulsion with a GG 14 filter . Scale 
is approximately 1.95" per degreeo 
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FIGURE. A.\ 
Figure A. 2 - negative reproduction of an Uppsala Schmidt plate 
h m 0 
centred at a 3 30 , 6 - 38. 5 . The exposure was 
35
m 
on a 103a- D emulsion with a GG 14 filter. Scale 
is approximately 1. 95" per degree . 
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F\GURE A.2 
Figure Ao 3 - map of the galaxy distribution from a 26" Uppsala 
h m 0 
visual pla te centred at 03 30 ~ - 36 00 . 
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Figure Ao4 - map of the galaxy distribution from a 26" Uppsala 
h m 0 
visual plate centred at 03 30, - 38 .5 • 
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Figure A. 5 - histogram of the galaxy number - brightness 
, . 
. 
distribution for the 26" Uppsala visual plate 
h m 0 
centred at 03 30 , - 36 00 • 
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Figure A. 6 - histogram of the galaxy number - brightness 
distribution for the 26 " Uppsala visual plate 
h m 0 
centred at 03 30 , - 3805 0 
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In order to detect extended objects which might appear 
stellar on Uppsala Schmidt plates, six plates of a portion of the 
sky about 2.50 in diameter centred on the cluster, were taken 
with the 40" telescope at Siding Spring Observatory. This 
telescope has Ritchey- Chretien optics, operates at f/8 and has a 
field of fair definition around 10 in diameter. The exposures, 
on 103a-D emulsions with a GG 14 filter, were up to two hours for 
the central plate. Galaxies were counted on these plates, divided 
into classes on the basis of iris photometer values and normalized 
to the central plate as for the Uppsala plates. The distribution 
of galaxies is shown in Figure A.7. The classes for these plates 
are roughly equivalent to those for the Uppsala plates. 
Inspection of Figure A.7 shows that class 1 gal~~es are 
fairly uniformly distributed over the field with no marked 
concentration towards the centre. These galaxies m~ thus be 
regarded as background galaxies. 
From all the plates, it is clear that the Fornax 
cluster does not contain many faint galaxies and that the 
galaxies it does contain do not show an extension in the direction 
of NGC 1316. We m~ now question whether dwarf galaxies in the 
Fornax cluster would have been visible on the plates. 
According to Allen (ibid), a dwarf galaxy such as the 
Fornax system has an absolute magnitude of - 15.0 and a diameter 
of ~ 2 kpco The distance modulus of the Fornax cluster is 31.8 
-
,. 
.. 
Figure A. 7 - map 6f the galaxy distribution near the centre of 
the Fornax cluster from 40" visual plates . The 
symbols have the same meaning as in Figure A. 3 and 
Ao4 and the brightness classes are similar to those 
in Figures Ao3 and A.4 
o 
. . 
o 
. 
•• 
• 
o 
.... 
o 
• o. 
• 
o 
• 
-0 
FIGURE. A.7 
" 
-149 
so that such a galaxy in the Fornax cluster would have an apparent 
magni tude of +16.8 and an angular diameter of -v 20". The plate 
scale on the Uppsala plates is about 8 microns/II so that the image 
would be about 160 microns in diameter. The smallest stellar images 
were measured to be less than 40 microns in diameter so that 
there is no doubt that the image would appear extended. A similar 
calculation for the 40" plates indicates that objects in the 
Fornax cluster larger than ,...., 1 0 pc would appear extended on the 
plates. We may thus be certain that dwarf galaxies in the Fornax 
cluster would have been counted on ~ the plates if they were 
bright enough to form an image. 
The central 40" plate was a two-hour exposure. Assuming 
all the class 1 galaxies were background galaxies, and using the 
relation gi en by Allen (ibid) for the average number of galaxies 
per unit area as a function of magnitude, the plate limit for 
galaxies was calculated to be 17.2. For extended objects, in the 
absence of reciprocity failure, a 2 hour 40" plate should reach 
the same limiting magnitude as a half-hour Uppsala plate. Because 
of rediprocity failure and because the particular batch of plates 
used in the 40" exposures were more insensitive than usual, we 
may conservatively estimate the Uppsala plate limit for galaxies 
to be some 17.5 magnitudes, This plate limit for Uppsala plates 
agrees well with the estimates of other Mt . Stromlo workers. 
Since dwarf galaxies would have a magnitude of 16.8, they would 
" 
-
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likely have been counted on all the plates and certainly on the 
Uppsala plates. 
It m~ be concluded then that Fornax A is not 
surrounded by optical cluster material. While this may not 
necessarily mean that NGC 1316 is not a cluster member, it does 
mean that the spectrum of Fornax A would not be expected to show 
cluster absorption if it can be assumed that the cluster EI 
distribution is similar to that of the galaxies in the cluster. 
-
, 
-I 
; 
151 
AEPENDIX B 
NGC 6618 
B 1 Introduction 
Because the spectrum determined in the emission 
experiment in ~ 3. 3 is a combination of the spectra of the 
background sky and of NGC 6618 , it is necessary to make some 
estimate of the latter to determine the former . If the over- all 
combined spectrum had agreed generally with the derived spectrum 
for NGC 6618 in ~ 3. 01, no problem would have existed. Because 
the observed combined spectrum indicates that NGC 6618 is 
optically thick at 21 cm, it is important to confirm this fact 
by other observations . 
A photograph of NGC 6618 taken in the light of H with 
ex 
the 40" telescope at Siding Spring Observatory is shown in Figure B.1. 
The optical nebula has a marked filamentary structure reminiscent 
of 30 Doradus in the Large Magellanic Cloud . No exciting stars 
for NGC 6618 have ever been found (see for instance , Hobbs , 1961) . 
One side of the nebula is clearly obscured and the brightest 
part of the radio nebula is undoubtedly behind this obscuration. 
The radio source associated with NGC 6618 is one of the 
brightest thermal radio sources in the sky . Little (1963) and 
Labrum , Krishnan, Payton and Harting (1964) have made high 
resolution fan beam surveys of this source; shown in Figures 
B. 2 and B. 3. The source is double and the smaller component is 
-
: 
" 
i 
Figure Bo1 - negative reproduction of NGC 6618 taken in the 
light of Ha with the 40" telescope at Siding 
Spring Observatory . 
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Figure Bo2 - Brightness temperature E- W profile of M 17 at 
9. 1 em from the fan beam observations of Little 
Figure B. 3 - Brightness tem,erature E- W profile of M 17 at 21 em 
from the fan beam observations of Labrum, Krishnan , 
Pay ten and Harting (1964) . 
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almost certainly due to the optical nebulae. 
The nebula is about one degree south of the galactic 
equator at a longitude of about 150 • The close proximity of the 
source to the galactic centre and its position on the galactic 
plane has made it difficult to measure the source intensity; 
particularly at low frequencies. Quoted values of the emiSSion 
6 measure range over several orders of magnitude around 10. The 
source has at times been suspected to be non-thermal but Tsin 
Zhun- ao 1961), from a survey of all previous data available to 
him, concluded that the source was thermal and that it became 
optically thick at a wavelength somewhere near 30 to 70 cm. 
B 2 New Data 
The observed spectrum of NGC 6618 as shown in 
Figure 3.11 had an over-all antenna temperature slope at 21 em 
(shown as the "expected" slope in Figure 3.11) of +0.37 while 
the calculated antenna temperature slopes for an optically thin 
source in ~ 3.01 were I"V -0.4. 
Other measurements of the effective antenna temperature 
of NGC 6618 with the 210 ft telescope have been made over a wider 
frequency range and are given in Table B.1. The effective antenna 
temperature spectrum of the source plotted from this data is shown 
in Figure B.4. It is clear from the shape of this spectrum, that 
NGC 6618 is becoming optically thick near 21 em so that it is 
, 
-
. . 
Figure B. 4 - the effective antenna temperature spectrum of M 17 
as determined by continuum measurements with the 
210 foot radio telescope • 
Figure B. 5 - the expected antenna temperature spectral slope of 
M 17 at 21 cm calculated from various profiles as 
a function of the peak optical depth. Also shown 
ar~ the two limiting cases for a source uniform 
over the beam and for a pOint source o 
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only necessary to estimate whether it would be optically thick 
enough to produce an antenna temperature slope of +0.37 at 21 cm. 
It was assumed that the relative brightness temperature 
profiles in Figures B.2 and B.3 were equivalent to profiles of 
relative optical depth. Using a similar method as in q 3.01, 
the antenna temperature slope of M 17 was calculated as a 
function of the optical depth of the peak of the source. These 
functions are plotted in Figure B.5 for the profiles of Little (1 963) 
and Labrum et al (1964) along vii th a l' arc wide rectangular 
profile and for a profile uniform over the beam. It can be seen 
from Figure B.5 that, to obtain an antenna temperature slope of 
+0.37, the peak optical depth of the source must be > 2 
corresponding to a peak emission measure of ~ 107 (assuming an 
electron temperatmre of 104 oK). 
Boggess (private communication) has estimated that the 
emission measure of the brightest portion of the optical nebula 
is rv105 (from H intensity). He estimated that the absorption at 
<X 
H was conservatively 2.9 magnitudes so that the true peak emission 
<X 
measure is ~ 2 x 106• Since this corresponds to the minor 
component of the radio source, the major component has an emission 
~ 7 
measure of ,....... 10 • 
A somewhat better estimate of the interstellar absorption 
was obtained from photo-electric spectral scans of the optical 
NGC 6618 with the Mount Stromlo 50" reflector. From the observed 
I 
I 
I 
I 
L 
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intensities of H~, ~ and HO and assuming the unreddened ratios 
would be given by Menzel 's case B (Aller, 1956), the absorption at 
H was estimat ed to be ,....; 5.9 magnitudes. This value is quite a 
uncertain because Menzel's case B model cannot, a priori, be 
assumed to apply to NGC 6618 but it does confirm that the 
absorption is likely to be greater than the figure quoted by 
Boggess . Consequently, the peak emission measure in the larger 
component of the radio source associated with NGC 6618 is > 107• 
The optically determined emission measure thus agrees 
well with the emission measure required to give the observed 
antenna temperature slope of the source at 21 em. 
155 
TABLE B.1 
Effective Estimated Frequency Antenna Log frequency Log temperature 
Temperature t::.. log Temp. 
1420.41 440.7 3.152 2.644 0.004 
1610 2 425 3.207 2.628 0.01 
2850 1 258 3.454 2.411 0.03 
5200 3 116 3.72 2.06 0.18 
1. Author - by comparison vdth moon 
2. B.J. Robinson (private communication) - by comparison with moon 
3. N. Broten (private communication) - assuming antenna efficiency . 
of 35%. 
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MOLECULAR HYDROGEN PRODUCTION IN INTERGALACTIC SPACE 
C 0 General 
The observations show that the atomic hydrogen 
mass density is considerably lower than the predicted mean mass 
density of the universe in the most commonly used cosmological 
models, so that it is of interest to consider methods by which 
any original HI in the medium might be changed to another form. 
Since it has been shown by McCrea and McNally (1960) and Gould 
and Salpeter (1964) that the conversion of HI to molecular 
hydrogen (H2) may be proceeding very efficiently in the galaxy, 
it was thought worthwhile to make some estimate of its efficiency 
in intergalactic apace. The interest of this process is not so 
much because of the end product, H2, but because it is a means 
of depleting the HI in the medium. 
The conversion of HI to H2 takes place in three ways; 
two body collisions, three body collisions and on the surface of 
interstellar grains. Of these three methods of conversion, only 
the third process is significant under interstellar conditions. 
This latter process, considered by Gould and Salpeter (ibid) may 
be qualitatively described as follows. 
Any ~ atom impinging on an interstellar grain has a 
probability of nearly one that it will stick to the grain if the 
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grain temperature is less t han about 30 oK. Consequently, grains 
will accumulate a layer of HI at a rate depending on the HI 
density and kinetic temperature . Any atoms on the surface 
which are close enough together will combine to form an H 
2 
molecule and, if the grain temperature is greater than about 3 oK, 
the H2 molecule will evaporate . Consequently, for a grain 
temperature between about 3 OK and 30 OK, almost all impinging 
HI atoms will be eventually converted to H2 molecules with the 
grain only acting as a collecting area and catalysto The process 
is qUite complex and the catalytic efficiency depends to a large 
extent on the surface properties of the grain. For our purposes 
however it is sufficient to note that if the grain temperature is 
less than 30 OK, impinging HI atoms are lost to the medium. 
The rate of loss of HI atoms , 0 is given by; ~, 
~ = N • ~ . L • v ... 0(C . 1) g 
where N is the grain density , ~ is the HI density, L., is the g 
geometric cross- section of the grain and v is the aver age 
velocity of an impinging HI atom relative to the grains . 
C 1 Present Temperature of Intergalactic Grains . 
The most fundamental assumption made in this and 
following sections will be that intergalactic absorbing grains 
are similar in size and composition to interstellar grains . 
Certainly the striking uniformity of the reddening law over our 
158 
own galaxy and , more important, in other galaxies suggest that 
this assumption is reasonable . However, there is no a priori 
evidence to rule out , for instance , intergalactic grains the 
size of golf balls . 
The temperature of the grains is predominantly determined 
by the radiation field in space . Even for kinetic temperatures 
of ,-oJ 109 oK, the rate of energy gain by atomic and electronic 
collisions is ver y small for densities of the order of 
- 29 / 3 10 gmcm o 
Van de Hulst (1964) has shown that dielectric grains 
such as ice have a temperature, T , which is determined by ; g 
~ Tg = TST • W •••• (0 . 2) 
where TST is the effective stellar temperature and W is the 
geometric dilution factor . For our own galaxy, Greenberg (1964) 
has determined a value of T of - 15 °Ko g 
To extend this argument to intergalactic space , it is 
necessary to know W , the dilution factor for galaxies . Bonnor g 
(1964) has shown that the radiation density in intergalactic space 
is about 10- 1 of that near the surface of a galaxy for most 
cosmologies including the Einstein - de Sitter and Steady- State 
models . This number is relatively independent of the amount of 
absorption in individual galaxies so that it may be used for 
calculating the temperature of intergalactic grains which absorb 
energy in the far infra- red; using this value , W ,.., 10 - 1. The g 
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temperature of the intergalactic grains is then, T ~ 10 oK. 
g 
C 2 The Number of Grains in Intergalactic Space. 
According to Allen (ibid), the average mass of an 
't t 11 " 10-13 ~n ers e ar gr~n ~s ,..", cm. If the grains are approximately 
spherical and their specific weight is ~1, the geometric cross-
t ' f "0-8 2 sec ~on 0 an average gra~n ~s ,....; 1 cm • 
Baum (1961 b) has photometrically observed the continuum 
spectra of two galaxies at a red-shift of 0.44. The magnitudes 
of these objects lie approximately on a linear red-shift-magnitude 
plot so that it is possible to say that there is no intergalactic 
absorption greater than about 1 magnitude. This number is very 
approximate because the effect of evolutionary changes in these 
galaxies is not known and because it depends on which model of 
the universe is used. The red-shift corresponds to a distance of 
about 103 Mpc and it will be assumed therefore that the intergalactic 
absorption is less than 10-3 mag/Mpc. 
Using t his figure and again assuming intergalactic 
- 20 / 3 grains are similar to interstellar ones, N ~ 6 x 10 grains cm 0 g 
N .6 is then __ 6 x 10-28 cm-1• 
g 
C 3 Model Universes. 
In an expanding universe, in the remote past , t he 
temperature of the grains was very high. As the universe expanded, 
160 
at the point where grain temperature dropped to 30 oK, the loss 
of HI begano To determine how much HI is left now, equation (C . 1) 
is integrated from that point in time till now. 
In a steady- state universe, the rate of loss of HI 
cannot be any larger than the rate of creation of HI and it is 
possible to determine what fraction of the HI has been lost to 
the surfaces of dust grains. 
The cases of the Einstein - de Sitter and the cold steady-
state models will be considered. The ' hot' steady- state model may 
be disregarded because HI is not lost from the mediume This is 
because any collision of HI on to the surface of a grain more 
energetic than about 1 ev results in the evaporation of adjacent 
HI atoms already on the surface of the grain (Gould and Salpeter , 
ibid) • 7 0 For kinetic temperatures of 10 K or higher, most atoms 
have energies considerably more than 1 ev, so that only a 
negligible fraction remain stuck on the surface of the grain. 
a) Cold Steady-State Model 
In this universe , cold HI atoms are created at a 
rate proportional to the Hubble constant . For H = 75 km/sec/Mpc 
the rate of creation is given by McVittie (1961); 
at oms/sec/cm3 ••• • (c . 3) 
The kinetic temperature in this model may be as high as 
- 5 104 oK and so v is then ~ 5 x 106 cm/sec . Using our 
f 'l t f 1 f H from the medium is; previous value 0 Ng .LJ , the ra e 0 oss 0 I 
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~ - 21 n '""oJ 2 x 10 • ~ atoms/sec/em3 •••• (0 .4) 
The predicted density , ~, is ,...., 10- 5 at oms/ em3 so that 
- 26 3 ~ ~ 1 0 atoms/sec/em 0 The rate of loss of HI is clearly much 
smaller than the rate of gain so that, in this universe essentially 
all intergalactic hydrogen would remain in its atomic form . 
b) Einstein - de Sitter Model 
In this model, local distance is proportional to the 
2/3 power of time . Therefore; 
•••• (0 . 5) 
where (N . ~ ) is the present value of this quantity calculated g 0 
in 9 0 . 2, to is the present time and t is time . 
Similarly, the radiation denSity in space is given by 
the analagous equation; 
•••• (C.6) 
Because the temperature of the grains is proportional 
, 
to f: ' the temperature at any time in the past , Ti , is related 
to the present temperature, T , by; 
g t 
T. = T (-2.)2/5 
~ g t 
The time when Ti reached 30 oK and the 16ss of HI 
began, t. , can easily be determined. For T = 10 oK, 
~ g 
t = 1 , t. is . 06 . 
o ~ 
.. 0. (0 . 7) 
If at time t i , the H denSity was n. and it is now I ~ 
n , 
o 
equation (0 . 1) may be integrated directly after the appropriate 
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substitutions; 
0.06 
-dn = (N .l, ) 0 g 0 v • n o f dt ~ •••• (C. s) n 
o 1 
It has been assumed, for Simplicity , that v is not a 
function of time. The age of the Einstein - de Sitter universe 
corresponding to t , is 2/3 of the inverse Hubble constant o For 
o 
H = 75 km/sec/Mpc , this age is 3 x 1017 sec . For a kinetic 
temperature of 1 OK (Hoyle , quoted in Davies (1964)) , v is 
,....., 2 x 104 cm/sec or ,....., 6 x 1021 cm/uni t time . Equation (C . S) 
may now be evaluated numerically with the result; 
C 4 Comments 
n - n i 0 
n 
o 
If the assumptions used are correct, it has been 
shown that the loss of HI in the medium due to H2 production for 
two classes of cosmological model is likely to be small . 
For a steady- state universe , this conclusion is almost 
certainly true . For an expanding universe , various uncertainties 
may invalidate this conclusion. For instance , the assumption 
that the average atom velocity , v , is constant is not correct . 
It should not change the result by a very large amount however . 
More serious are the uncertainties in some of the experimental 
data used . The value of the galactic grain temperature used, TgJ 
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enters the result in the third power since it determines the 
initial time , t . , that the process began 0 The assumed value 
~ 
for intergalactiC absorption may be in error by a large amount 
although the error is likely to be such that the loss is 
over- estimated. 
The result for the Einstein - de Sitter universe that 
the HI loss is only a few percent should therefore be regarded 
as only a crude approximation . The real significant result arising 
from these calculations is that at least a significant propDrtion 
of any original HI existing in intergalactic space is likely to be 
still present as atomic hydrogen. 
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